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ABSTRACT 


This  study  estimates  the  aggregate  potential  for  increasing  oil 
recovery  from  existing  reservoirs  using  methods  that  go  beyond  standard 
primary  and  secondary  (primarily  waterflood)  recovery  methods.  These 
procedures  are  referred  to  as  'tertiary'  or  'exotic'  recovery  methods, 
or  more  generally  as  'Enhanced'  oil  recovery.  Individual  reservoirs 
are  checked  for  technical  amenability  to  enhanced  recovery  methods  by 
canparing  the  values  of  selected  reservoir  parameters  to  critical  rang¬ 
es  for  these  parameters  that  are  based  an  engineering  theory  and  field 
results.  The  initial  ranges  for  a  number  of  important  parameters  com¬ 
prise  a  screening  procedure  that  allows  only  those  reservoirs  with  a 
reasonable  chance  of  technical  success  to  emerge.  The  screening  proce¬ 
dure  used  here  was  developed  initially  by  Lewin  and  Associates  for  a 
1976  study  of  enhanced  recovery  in  the  United  States  and  has  since  been 
adapted  to  investigate  reservoirs  in  Alberta  by  the  Petroleum  Recovery 
Institute  in  Calgary. 

Reservoirs  that  appear  as  technical  candidates  are  evaluated  as 
investment  projects  by  conventional  cost-benefit  analysis  under  a  num¬ 
ber  of  oil  price  and  development  cost  scenarios  and  using  several 
discount  rates.  The  base  case  analysis  assumes  standard  development 
and  operating  costs  in  1978  dollars,  an  assumed  domestic  vellhead  price 
of  oil  of  $20  per  barrel,  and  a  real  discount  rate  of  8  per  cent  per 
year. 

The  1975  file  of  Alberta  Energy  Resources  Conservation  Board  data 
on  reservoirs  is  screened  using  the  procedures  discussed  above.  The 
screening  procedure  eliminates  same  reservoirs  from  consideration  and 
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assigns  each  technically  viable  reservoir  to  one  or  more  recovery  pro¬ 
cesses  that  appear  to  be  feasible  for  use  in  that  reservoir. 

The  processes  considered  are:  steam  drive,  steam  stimulation,  in 
situ  combustion,  polymer  augmented  waterflood,  alkaline  flood,  micro¬ 
emulsion  flood,  CC>2  miscible,  and  hydrocarbon  miscible.  Recovery 
models  specific  bo  each  process  are  applied  to  all  reservoirs  that 
emerge  frcm  the  screening  procedure  to  estimate  incremental  recovery 
and  a  likely  time  profile  of  production. 

Economic  viability  is  investigated  with  and  without  tax  and  royal¬ 
ty  considerations  for  each  reservoir  to  provide  seme  insight  into  the 
potential  inpact  of  fiscal  incentives  on  ultimate  recovery  and  rates  of 
production.  Results  by  reservoir  are  then  aggregated  to  determine 
overall  provincial  potential.  The  economic  analysis  also  develops  the 
price  per  barrel  (supply  price)  required  to  recover  all  costs  of  devel- 
opnent  and  operations  for  each  reservoir. 

The  results  of  the  evaluation  of  the  potential  in  Alberta  are 
extrapolated  to  other  provinces  and  the  territories  to  provide  an  esti¬ 
mate  of  the  likely  level  of  recovery  frcm  enhanced  recovery  processes 
for  Canada  as  a  \^ole. 
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CHAPTER  1 


PETROLEUM  SUPPLIES  IN  PERSPECTIVE 


Estimates  of  world  supplies  of  petroleum  from  conventional 

sources  have  varied  considerably  over  the  years  as  indicated  in  Table 

1.1.  Estimates  have  ranged  from  400  billion  barrels  to  3.6  trillion 

barrels  with  recent  estimates  centring  on  a  figure  of  2  trillion 

barrels  of  recoverable  oil.1  Even  higher  estimates  than  shewn  in 

Table  1.1  of  seme  4  trillion  barrels  recoverable  are  supported  by 

Russian  estimates  of  11  trillion  barrels  of  original  oil  in  place 
,  o 

presented  m  1976.  If  we  use  1977  production  rates  as  a  base  and 
assume  7  percent  grewth  in  production  each  year,  these  reserves 
(2  trillion)  translate  into  28  years  of  petroleum  supplies.  The 
effective  life  of  petroleum  supply  is  increased  in  the  follcwing  ways: 

•  additions  to  reserves  due  to  new  discoveries 

•  additions  to  reserves  frem  reassessment  of  oil  volumes  in 
established  reservoirs 

•  additions  from  increased  ability  to  recover  oil 

•  increasing  the  longevity  of  the  reserves  base  through 
conservation 

It  seems  likely  that  the  rate  of  new  discoveries  on  a  war  Id 
scale  must  begin  declining  from  historical  levels.  This  is  because  the 
historical  rate  at  which  reserves  have  been  added  has  been  strongly 
influenced  by  the  giant  fields  (greater  than  500  million  barrels)  in 
the  Middle  East.  The  likelihood  of  another  'Middle  East'  is  fairly 
small,  although  seme  potential  remains  offshore  and  at  greater  depths 
onshore.  However,  given  the  proportion  of  the  war  Id  that  has  new  been 
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TABLE  1.1 

ESTIMATES  OF  ULTIMATE  WORLD  RESERVES  OF  CRUDE  OIL 


Year 

Source 

Ultimate  Reserves 
109  barrels 

1942 

Pratt,  Weeks  &  Stebinger 

600 

1946 

Duce 

400 

1946 

Pogue 

555 

1948 

Weeks 

610 

1949 

Levorsen 

1,500 

1949 

Weeks 

1,010 

1953 

MacNaughton 

1,000 

1956 

Hubbert 

1,250 

1958 

Weeks 

1,500 

1959 

Weeks 

2,000 

1965 

Hendricks  (USGS) 

2,480 

1967 

Ryman  (Esso) 

2,090 

1968 

Shel  1 

1,800 

1968 

Weeks 

2,200 

1969 

Hubbert 

1,350-2,100 

1970 

Moody  (Mobil) 

1,800 

1971 

Warman  (BP) 

1,200-2,000 

1971 

Weeks 

2,290 

1971 

U.S.  National  Petroleum  Council 

2,670 

1972 

Warman 

1,900 

1972 

Bauquis,  Brasseur  &  Masseron  (Inst.  Fr.  Pet.) 

1  1,950 

1972 

Li nden 

2,950 

1972 

Weeks 

3,650 

1975 

Moody  &  Esser 

2,000 

1975 

Adams  &  Kirby  (BP) 

2,000 

1975 

Sickler  (Shell) 

1,190-1,410 

1975 

Moody  (Mobil) 

2,030 

1976 

Klemme  (Weeks) 

1,900 

SOURCE:  Orlo  E.  Childs,  "Implications  for  Future  Petroleum 
Exploration,"  and  R.  G.  Seidl,  "Implications  of  Changing  Oil  Prices  on 
Resource  Evaluations,"  both  in  The  Future  Supply  of  Nature  Made 
Petroleum  and  Gas. 


J.  D.  Moody  and  R.  W.  Esser,  "An  Estimate  of  the  World's  Recoverable 
Crude  Oil  Resources,"  Ninth  World  Petroleum  Congress,  (London:  Applied 
Science  Publishers,  1975),  vol .  3. 

M.  Grenon,  "Global  Energy  Resources ,"  in  Annual  Review  of  Energy,  eds. 
Jack  M.  Hollander  and  Melvin  K.  Simons  (California:  Annual  Reviews 
Inc.,  1977),  vol.  2,  p.  78. 
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explored  to  seme  extent,  it  seems  unlikely  that  many  additional  isolat¬ 
ed  giant  fields  will  be  discovered.  These  fields  represent  1  percent 
of  the  total  but  contain  75  percent  of  world  reserves  and  have  thus 
been  quite  significant  in  the  past.^ 

Reassessment  of  oil  volumes  in  established  reservoirs  occurs 
because  information  gleaned  fran  production  profiles  allcws  more  accu¬ 
rate  estimation  of  oil  in  place  and  in  general  this  has  resulted  in 
significant  upward  revisions  of  past  estimates.  Allowing  for  these 
revisions  significantly  alters  the  profile  of  world  rates  of  discovery 
as  shown  by  Figure  1.1.  However ,  improvements  in  methods  of  initial 
reserves  estimation  means  that  this  source  of  reservoir  additions  will 
also  probably  decline  in  the  future.  Conservation  and  enhanced  recov¬ 
ery,  however,  my  have  more  impact  on  the  petroleum  life  index 
(28  years)  in  future.  Successful  conservation  efforts  reducing  the 
growth  rate  of  production  to  4  percent  would  extend  our  life  index  of 
petroleum  availability  by  10  years.  On  the  other  hand,  increasing  the 
recovery  factor  on  average  frem  30  to  31  percent  would  increase 
reserves  by  66.6  billion  barrels.  An  increase  in  the  average  world 
recovery  factor  of  10  percentage  points  would  therefore  mean  666  bil¬ 
lion  barrels  of  additional  reserves  which  yields  6  additional  years  of 
supply  (fran  38  to  44)  if  production  rates  are  assumed  to  grow  at  4 
percent  per  year.  On  a  world  scale,  this  roughly  estimated  potential 
for  enhanced  recovery  thus  appears  significant  both  absolutely  and  rel¬ 
ative  to  the  potential  frcm  conservation  alone. 

The  potential  is  greatest  in  the  Organization  of  Petroleum 
Exporting  Gountries  (OPEC)  both  because  current  remaining  reserves  are 
concentrated  there  (see  Table  1.2)  and  because  the  reservoirs  are  gen¬ 
erally  more  honegeneous  than  those  in  North  America  which  is  likely 


billion  bbl/yr  billion  bbl/yr 
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FIGURE  1.1a:  Five  year  averages  of  rates  of  oil  discovery 
when  both  new  discoveries  and  reassessments 
are  credited  to  the  year  in  which  they  are 
made. 
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FIGURE  1.1b:  Discovery  rates  are  different  when  revised 
estimates  of  oil  in  place  are  credited  to 
the  year  in  which  the  field  was  discovered. 


SOURCE:  Andrew  R.  Flower,  "World  Oil  Production," 
Scientific  American,  March  1978. 
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TABLE  1.2 

WORLD  OIL  RESERVES  AND  PRODUCTION 
1975 


Proven  Recoverable 
Reserves  Remaining 

(billion 

Cumulative  Production 
barrel  s) 

Saudi  Arabia 

152 

23 

Other  Middle  East 

208 

61 

Other  OPEC 

90 

55 

North  America 

40 

133 

Other  Non-OPEC 

65 

19 

Communist  Areas 

103 

50 

Total s 

658 

341 

SOURCE:  Andrew  R.  Flower,  "World  Oil  Production,"  Scientific 
American,  March  1978,  no.  3. 
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to  make  thou  more  susceptible  to  enhanced  recovery  operations.  North 
American  potential  is  not  insignificant,  however,  and  a  number  of  est¬ 
imates  for  the  Lb i ted  States  have  been  provided  in  recent  years  as 

S 

shown  in  Table  1.3.  The  terminology  associated  with  various  phases 
of  oil  production  is  discussed  in  detail  in  section  3.4.  Estimates  of 
"enhanced  oil  recovery"  potential  reported  in  this  chapter  refer  to 
recovery  using  any  methods  beyond  the  standard  primary  and  secondary 
(waterflood)  stages  of  production.  A  striking  characteristic  of  these 
estimates  is  their  variation.  They  range  from  8  billion  barrels,  or 
2 . 9  percent  of  the  oil  viewed  as  the  target  for  enhanced  oil  recovery 
(EOR) ,  to  110  billion  barrels  or  39.6  percent  of  the  target  oil.  A 
very  rough  estimate  of  the  range  of  possibilities  in  Canada  may  be  made 
by  applying  the  recovery  percentages  implied  by  the  American  estimates 
to  the  target  oil  in  place  in  Chnada.  This  is  done  in  the  last  column 
of  Table  1.3  where  it  is  shown  that  potential  ranges  from  1.0  billion 
barrels  to  13.7  billion  barrels.  As  a  proportion  of  remaining  proven 
reserves  (6.7  billion  barrels)  this  range  is  frcm  one-sixth  to  twD 
times  our  present  assured  supplies.^* 

The  upper  estimate  of  our  American  survey  is,  however,  extreme¬ 
ly  optimistic  to  say  the  least.  A  more  conservative  in-depth  estimate 
of  American  potential  is  provided  by  the  National  Petroleum  Council 

7 

(NPC)  1976  publication,  Enhanced  Oil  Recovery.  The  potential  at 
various  oil  price  levels  and  technical  performance  levels  is  shown  in 
Table  1.4.  The  third  rcw  applies  the  implied  recovery  percentage  to 
the  target  oil  in  Canada  with  a  resulting  range  of  frcm  0.4  billion 
barrels  at  the  lew  performance  and  price  levels  to  4.0  billion  barrels 
at  the  high  price  and  performance  levels.  Even  the  0.4  billion  barrels 

estimate  is  not  insignificant  since  it  represents  about  a  year's  pro¬ 
duction  at  current  production  rates. 


. 


TABLE  1.3 


ESTIMATES  OF  EOR  POTENTIAL 


Source 

Oil  Price 

J/bbl 

constant  dollars  as 
of  date  of  estimate 

U.S.  Estimated 

EOR  Potential 

bill  ion  bbl 

Estimated  EOR  as  I 
of  Target  Oil4 

?  of  278 
bill  ion  bbl 

I  Appl  i  ed  to 
Canada's  Target  Oil4 

I  of  34.7 
billion  bbl  (CPA) 

Oil  Companies  1 

15 

5.4 

1.9 

2 

25 

9.0 

3.3 

3 

18 

6.5 

2.3 

4 

no 

39.6 

13.7 

5 

25 

9.0 

3.1 

FEA  P I Rb  (1974) 

11 

57 

20.5 

7.1 

FEAC  (1  975) 

12-13 

65 

23.4 

8.1 

EPAd  (1975) 

Low 

15 

5.4 

1.9 

High 

25 

9.0 

3.1 

FEAe  (1975) 

Low 

11 

57 

20.5 

7.1 

Hi  gh 

11 

65 

23.4 

8.1 

NPCt  (1  976) 

Base  Case 

15 

13 

4.7 

1.6 

ERDA9 

Base  Case 

11.63 

11.9 

4.3 

1.5 

13 

13.1 

4.7 

1.6 

Base  Case  With 

11.63 

26.2 

9.4 

3.3 

ERDA  RAD 

13 

30.1 

10.8 

3.7 

0TAh  (1977) 

Low  productivity 

11.62 

8.0 

2.9 

1.0 

13.75 

11.1 

4.0 

1.4 

High  productivity 

11.62 

21.2 

7.6 

2.6 

13.75 

29.4 

10.6 

3.7 

SOURCE:  This  table  is  adapted  from  Lewin  A  Associates,  The  Potential  and  Economics  of  Enhanced  Oil 
Recovery ,  for  Federal  Energy  Administration  (FEA),  April  1976;  and  Office  of  Technology  Assessment  (OTA), 
Enhanced  Recovery  of  Oil  and  Devonian  Gas,  U.S.  Congress,  June  1977. 

aTarget  oil  is  defined  as  probable  original  oil  in  place  minus  production  to  date  and  remaining  proved 
reserves  that  would  be  recoverable  by  conventional  methods. 

^Project  Independence  Report,  Federal  Energy  Administration,  November  1974. 

cLewin  A  Associates,  Review  of  Secondary  and  Tertiary  Recovery  of  Crude  Oil,  for  FEA,  June  1975. 
dMathemat1ca,  Inc.,  The  Estimated  Recovery  Potential  of  Conventional  Source  Domestic  Crude  Oil,  for 
U.S.  Environmental  Protection  Agency,  May  197s. 

eLewin  A  Associates,  The  Potential  and  Economics  of  Enhanced  Oil  Recovery,  for  FEA,  April  1976. 
^National  Petroleim  Council,  Enhanced  Oil  Recovery,  Dec.  1976. 

9i_ewin  A  Associates,  Research  and  Development  in  Enhanced  Oil  Recovery,  Nov.  1976. 

^Enhanced  Recovery  of  Oil  and  Devonian  Gas,  OTA,  U.S.  Congress,  June  1977. 
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Several  direct  estimates  of  Canadian  EOR  potential  have  been 
attempted  though  not  on  the  scale  of  the  NPC  effort.  The  results  of 
this  wark  are  presented  in  Table  1.5.  These  estimates  are  relatively- 
encouraging  since  even  the  conservative  National  Energy  Board  (NEB) 
estimate  of  1.54  billion  barrels  represents  about  3  years  production  at 
current  producing  rates.  However,  the  methodology  used  in  developing 
these  projections  was  circumscribed  by  time  and  resource  limitations 
and  is  necessarily  approximate  in  nature.  It  is  probably  one  step  bet¬ 
ter  than  applying  U.  S.  recovery  percentages  to  Canadian  remaining  oil 
in  place,  but  beyond  that,  little  can  be  said.  Our  present  endeavour 
is  to  refine  the  estimation  procedures  a  little  more  and  attach  mean¬ 
ingful  cost  information  to  the  resulting  estimates. 

The  procedure  that  has  been  developed  to  accomplish  this  objec¬ 
tive  is  based  on  in-depth  analysis  of  individual  reservoirs  in  Alberta. 
Every  reservoir  listed  in  the  Energy  Resources  Conservation  Board's 
(ERCB)  1976  reserves  estimate  was  evaluated  on  an  individual  basis. 
Reservoirs  that  appeared  profitable  under  the  technological  and  econo¬ 
mic  assumptions  described  belcw  were  aggregated  to  provide  overall 
estimates  for  the  province.  Ml  cost  data  used  in  the  analysis  are  in 
constant  1978  dollars.  Estimates  of  total  Canadian  potential  were 
developed  by  extrapolation  of  the  Mberta  results. 

The  analysis  took  no  account  of  enhanced  recovery  activity  that 
is  already  under  way  because  it  is  not  possible  to  get  complete  and  up 
to  date  information  on  enhanced  recovery  projects.  Projects  that  were 
reported  as  either  in  the  pilot  stage  or  in  the  planning  stage  are 
shown  in  Figure  1.2.  The  figure  is  based  on  the  1978  enhanced  recovery 
report  in  the  Oil  and  Gas  Journal  and  shows  the  preponderance  of  ther¬ 


mal  and  miscible  gas  projects  in  Mberta  and  Saskatchewan.  Thus  the 
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FIGURE  1.2:  Enhanced  Oil  Recovery  Activity  in  Canada 
SOURCE:  Oil  and  Gas  Journal ,  March  27,  1978 
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TABLE  1.5 

DIRECT  ESTIMATES  OF  EOR  POTENTIAL  IN  CANADA 


“ 

Enhanced  Recovery  Potential 
(billions  bbl ) 

Strom-Bray-Berndtsson  (ERCB  1973 ) a 

2-4 

Wyman  (Shell  1974 ) ^ 

3-6 

Stacy  (AMOCO  1975)c 

6.3 

CPA- 1  PAL  ( 1 976 ) d 

2-4 

Imperial  Oil  (1 976 ) e 

2.3 

D  &  S  Petroleum  Consultants  ( 1 976 ) e 

2.9 

National  Energy  Board  (1977 )e 

1.54 

Imperial  Oil  (1978)^ 

2.25 

aN.  A.  Strom,  J.  A.  Bray,  and  N.  G.  Berndtsson,  "Enhanced 
Recovery  Trends  in  Alberta,"  Journal  of  Canadian  Petroleum  Technology, 
July-September,  1973. 

^"Tertiary  Recovery  Presents  Challenge  to  Produce  More  Crude  From 
Older  Fields,"  Oil  week,  Dec.  2,  1974,  p.  12. 

c"Improved  Recovery  Possible,"  Edmonton  Journal ,  April  25,  1975, 
p.  37.  Quoted  in  D.  DePape,  "Canada's  Future  Oil  Suppl ies--Sources , 
Availability  and  Real  Resource  Costs,"  1975. 

^Submission  to  Department  of  Energy  and  Natural  Resources  by 
Canadian  Petroleum  Association  and  Independent  Petroleum  Association  of 
Canada,  Calgary,  July  14,  1976. 

eCanada,  National  Energy  Board,  Canada1 s  Oil ,  (Ottawa:  National 
Energy  Board,  1976),  p.  13-15. 

^Submission  to  the  National  Energy  Board  in  the  Matter  of 
Canadian  Oil  Producibil ity  and  Domestic  Requirements,  April  1978. 
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estimates  developed  here  include  those  projects  that  are  already  under¬ 
way  or  in  early  planning  stages. 

The  extent  to  which  this  activity  increases  in  future  will  de¬ 
pend  on  the  relative  attractiveness  of  enhanced  recovery  within  the 
broad  range  of  alternative  investment  opportunities  available  to  indus¬ 
try.  In  addition  to  estimating  the  physical  quantity  of  hydrocarbons 
that  may  be  available  from  application  of  tertiary  processes,  this 
study  attempts  to  evaluate  the  likely  profitability  of  such  activity  to 
society  and  to  private  industry,  in  order  to  provide  perspective  on  it 
as  an  investment  alternative. 

1.1  Preview  of  Results 

The  analytical  results  of  the  procedure  developed  below  to  est¬ 
imate  potential  and  costs  of  enhanced  oil  recovery  are  presented  in 
detail  in  Chapters  5  -  7,  and  Appendix  E.  The  Alberta  potential  is  2.4 
billion  barrels,  producible  over  28  years  at  an  average  discounted  cost 
per  barrel  of  approximately  $14.  This  result  is  based  on  an  assumed 
domestic  price  of  oil  in  real  terms  of  $20  per  barrel  over  the  period 
of  the  analysis;  and  a  real  discount  rate  of  8  p>er  cent. 

Extrapolation  of  the  forecast  to  Canada  as  a  whole  increases 
the  estimated  potential  to  4.0  billion  barrels.  This  potential  would 
allow  annual  additions  to  domestic  oil  production  that,  according  to 
our  assumed  producibility  schedules,  would  peak  in  1992  at  240  million 
barrels  per  year  (656,000  barrels  per  day)  and  decline  thereafter  until 
the  full  potential  is  exhausted  within  the  first  decade  of  the  twenty - 
first  century. 

Some  perspective  on  the  significance  of  this  contribution  to 
Canadian  energy  supplies  is  provided  by  Thble  1.6.  Ihis  table  presents 


POTENTIAL  AND  COSTS  OF  ALTERNATE  CANADIAN  ENERGY  SOURCES 
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For  canparability  all  costs  were  escalated  to  1980  at  10  per  cent  per  year,  and  rounded  to  the  nearest 
dollar.  Natural  units  were  converted  to  barrels  of  oil  equivalent  using  the  following  conversion  factors: 

6000  CU  FT  of  natrual  gas  is  approximately  equivalent  to  1  barrel  of  oil, 

.240  short  tons  of  coal  is  approximately  equivalent  to  1  barrel  of  oil. 
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sane  very  general  estimates  of  alternate  energy  source  costs  and  quan¬ 
tities.  The  reserves  and  production  estimates  are  all  from  the  same 
source,  the  Workshop  on  Alternate  Energy  Sources,  and  are  therefore  at 
least  internally  consistent.  The  cost  estimates  are  less  reliable 
since  they  are  taken  from  various  sources  which  undoubtedly  employed 
differing  estimation  procedures.  Moreover,  our  efforts  to  make  all 
costs  comparable  on  a  1980  basis  probably  distort  reality  to  sane 
extent  since  each  source  has  been  subject  to  it's  own  rate  of  cost 
increase,  whereas  we  have  brought  all  costs  forward  to  1980  using  a  10 
per  cent  per  year  rate  of  increase.  However,  with  these  caveats  firmly 
in  mind,  sane  interesting  comparisons  can  be  drawn. 

First,  we  see  that  the  ultimate  potential  for  enhanced  recovery 
is  the  smallest  of  the  alternatives  listed  with  the  exception  of  syn¬ 
thetic  oil  or  gas  from  coal,  and  imported  oil,  neither  of  which  can  be 
reliably  estimated  at  this  time.  Nonetheless  the  potential  contribu¬ 
tion  to  annual  production  is  significant,  particularly  around  1990, 
which  may  well  be  a  critical  period  in  the  transition  of  the  world 
economy  from  fossil  fuels  to  alternate  energy  sources.  The  projected 
cost  of  oil  from  the  tertiary  application  investigated  here  is  in  the 
mid-range  of  the  alternates  shown  implying  that  enhanced  oil  recovery 
is  a  viable  option  for  Canada  and  merits  continued  development  by 
industry  and  government. 

1.2  Organization  of  the  Study 

Chapter  2  following  discusses  the  framework  within  vhich  the 
economic  analysis  is  couched.  The  framework  is  that  of  Benefit -Cost 
Analysis  and  the  relevant  problems  are  discussed  in  considerable 


detail. 


18 


Chapter  3  is  a  brief  review  and  summary  of  the  fundamentals  of 
reservoir  production  and  enhanced  oil  recovery. 

Chapter  4  develops  both  the  physical  production  models  and  the 
economic  evaluation  procedure.  The  purely  technical  aspects  of  the 
production  models  are  segregated  in  Appendix  D.  Economic  aspects  of 
the  models  are  drawn  from  the  discussion  in  Chapter  2  and  supplemented 
by  the  derivation  of  costs  and  tax  considerations  in  Appendices  B  and  C 
respectively . 

The  principal  analytical  results  of  the  study  are  presented  in 
Chapter  5.  The  implications  for  both  Alberta  and  Canada  as  a  whole  are 
presented  under  a  set  of  'base  case'  assumptions.  These  are,  a  domes¬ 
tic  oil  price  of  $20  per  barrel  in  constant  1978  dollars,  an  assumed 
rate  of  return  to  industry  of  8  per  cent  in  real  terms,  and  the  basic 
costs  of  development  and  production  outlined  in  Appendix  B. 

The  sensitivity  of  the  base  case  results  to  changes  in  the  oil 
price  assumption  are  set  out  in  Chapter  6.  The  entire  analysis  was 
repeated  for  price  assumptions  of  $15  per  barrel,  which  was  fairly 
close  to  the  wellhead  price  being  received  by  producers  in  late  1979 
($13.75  per  barrel  with  increases  scheduled  for  January  1980),  and  $25 
per  barrel.  In  addition,  selected  results  of  a  $100  per  barrel  price 
are  presented. 

Chapter  7  presents  a  summary  of  the  main  conclusions  of  the 
analysis  together  with  comments  on  the  implications  they  hold  for  pol¬ 
icy  development. 

Appendix  A  provides  a  brief  description  of  the  data  base  and 
the  screening  procedure  used  to  isolate  the  reservoirs  technically 
amenable  to  enhanced  recovery.  It  also  describes  the  procedure  used  to 
extrapolate  the  Alberta  results  to  the  country  as  a  whole. 
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Appendix  B  describes  the  manner  in  vhich  costs  of  field  devel¬ 
opment  were  assembled  and  specifies  the  assumed  costs  for  all  aspects 
of  each  process  used. 

Appendices  C  and  D  provide  details  of  the  general  models  des¬ 
cribed  in  Chapter  4.  Appendix  C  sets  out  the  manner  in  which  tax  and 
royalty  considerations  were  incorporated.  Appendix  D  expands  on  the 
detailed  technical  relationships  in  the  production  models. 

Appendix  E  presents  results  of  further  sensitivity  analysis. 
The  models  were  run  for  differing  assumptions  regarding,  the  percentage 
of  oil  recovered  in  each  reservoir,  the  pattern  size  used  in  each  pro¬ 
ject,  and  the  level  of  development  costs. 

Appendix  F  is  essentially  a  list  of  technically  and  economical¬ 
ly  promising  reservoirs  in  Alberta. 
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Footnotes 

^Ihe  wide  range  of  estimates  occurs  because  differing  estima¬ 
ting  techniques  may  be  used  and  because  differing  assumptions  regarding 
the  economics  and  technology  of  recovery  are  iniplicit  in  the  estimates. 
The  term  'reserves'  is  defined  in  a  number  of  ways  by  different  groups 
and  no  attempt  to  reconcile  definitions  is  attempted  here.  For  the 
overview  purpose  of  this  chapter,  the  term  should  be  viewed  as  applying 
to  oil  that  would  be  recoverable  by  conventional  methods  under  the 
technological  and  economic  conditions  existing  at  the  time  the  estimate 
is  made.  It  should  be  noted  that  'ultimate  reserves'  as  used  here  also 
include  estimates  of  recoverable  oil  from  future  discoveries.  However, 
the  estimates  do  not  allcw  for  significant  increases  in  recoverability 
due  to  enhanced  methods. 

I.  I.  Nesterov,  and  F.  K.  Salmanov,  "Present  and  Future 
Hydrocarbons  of  the  Earth's  Crust,"  in  The  Future  Supply  of  Nature  Made 
Petroleum  and  Gas,  ed.  R.F.  Meyer  (New  York:  Pergammon  Press ,  1977 ) . 

3 

1977  production  was  22.6103  billion  barrels;  Petroleum  Econ¬ 
omist,  April  1978,  p.  72.  Production  growth  rates  averaged  7.8  percent 
between  1960  and  1973,  dropped  in  1973  and  1974,  but  recovered  to  6.7 
percent  between  1975  and  1976;  World  Oil,  February  15,  1977,  p.132. 

^H.  D.  Klerme,  "World  Oil  and  Gas  Reserves  from  Analysis  of 
Giant  Fields  and  Petroleum  Basins  ( Provinces ) , "  in  The  Future  Supply  of 
Nature  Made  Petroleum  and  Gas. 

^Oil  considered  as  a  target  for  EOR  is  original  oil  in  place 
minus  cumulative  production  to  date  minus  remaining  proven  reserves 
(which  will  be  produced  with  established  methods)  .  In  the  U.  S.  this  is 
401  -  101  -  22  =  278  billion  bbl.  In  Canada  it  is  49.3  -  7.9  -  6.7  = 
34.7  billion  bbl.  (as  of  December  31,  1976);  Canadian  Petroleum  Associ¬ 
ation,  Statistical  Handbook  (Calgary:  Canadian  Petroleum  Association, 
1977),  Section  II,  Tables  4  and  17. 

The  6.7  billion  refers  to  proved  reserves  (oil  recoverable 
from  kncwn  reservoirs  under  current  technology  and  economics) .  The 
figure  used  in  Table  1.3  of  34.7  billion  bbl  refers  to  total  oil  that 
may  be  viewed  as  a  target  for  enhanced  recovery  ( see  note  5 ) . 

7  .... 

Even  this  publication  is  considered  optimistic  by  some 

since  it  applies  a  standardized  method  of  estimating  recovery  to  all 
reservoirs  which  pass  a  rather  basic  screening  test,  whereas  actual 
recovery  is  hampered  in  individual  cases  by  particular  reservoir  char¬ 
acteristics.  Others,  however,  feel  that  the  NPC  approach  resulted  in 
pessimistic  estimates. 


CHAPTER  2 


ECONOMIC  EVALUATION 


2.1  Ihe  Economics  of  Exhaustible 
Resources 

Oil  is  a  non-renewable  resource  and  the  economic  framework 
within  which  depleting  resources  are  analysed  is,  in  a  very  general  way, 
the  starting  point  for  the  analysis  of  this  study.  The  relationship 
between  the  detailed  engineering  oriented  production  models  used  here 
and  the  sophisticated  optimization  models  used  in  theoretical  analysis 
is  somewhat  tenuous  but  real  nonetheless.  It  will  be  helpful  to 
consider,  briefly,  the  nature  of  this  relationship. 

Specification  of  the  firms'  problem  in  maximising  profits  over 
time  is  seme  variant  of  l).1 


MAX  JT  (pq  -  TC  )  e-rt  dt 
t=0 

N  <  > 

s.t  yq  (t)  -  R  (t)  and  q  (t) ,  R  (t)  -  0 

t=0 

where  P(t)  =  price  at  time  t 

q(t)  =  quantity  produced  at  time  t 

TC(t)  =  total  cost  of  production  (extraction)  at 
time  t 


R(t)  =  total  recoverable  quantitiy  of  oil  in  the 

reservoir  given  current  technical  knowledge 
and  foreseeable  economic  conditions 


r  =  discount  rate 

N  =  life  of  project 
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In  the  case  of  oil,  total  cost  of  extraction  frcm  a  particular 

,dTC 


reservoir  is  an  increasing  function  of  production  { 


6q 


>  0 )  and  as 


production  occurs,  costs  rise  at  an  increasing  rate  due  to  the 

•)2tc  o 

pressure  drop  in  the  reservoir  (— -  >  0 ) .  The  latter 

d  q2 

notion  leads  to  the  concept  of  the  maximum  efficient  rate  (MER)  of 
production.  Production  above  this  rate  may  cause  a  reduction  in  total 
recoverable  oil  frcm  the  reservoir  because  of  a  too  rapid  drop  in 
pressure. ^ 

The  problem  is  to  choose  among  varying  time  profiles  of 
production  and  investment  the  one  that  maximizes  the  present  value  of  a 
reservoir  and  under  some  strict  assumptions  it  is  mathematical  ly 
solveable.  Investigation  of  the  solution  to  this  problem  has  led  to  an 
interesting  conclusion. 

In  a  competitive  environment  the  market  price  of  the  resource 
minus  production  costs  (the  economic  rent)  will  increase  at  a  rate  equal 
to  the  rate  of  interest.  This  is  intuitively  plausible  since  oil  in  the 
ground  is  an  asset  like  all  others  and  must  earn  the  same  (risk 
adjusted)  rate  of  return  as  all  others  if  asset  markets  are  to  be  in 
equilibrium. 

For  an  illustrative  two  period  case,  we  have: 


2)  PX  =  P0  (1  +  r) 

where  PQ  =  the  rent  or  profit  frcm  the  production 

and  sale  of  one  unit  of  the  reserve  in 
the  present 

p^  =  expected  profit  from  the  sale  of  one 
unit  of  the  reserve  in  the  future 
r  =  the  market  rate  of  interest 
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If  Pi  is  less  than  PQ  (1+r),  resource  cwners  will  increase 
current  production,  investing  the  proceeds  at  rate  r.  The  increase  in 
supply  will  put  downward  pressure  on  the  current  price.  If  Pq  is 
greater  than  PQ  (1+r)  current  production  will  be  postponed  but  the 
resulting  reduction  in  supply  will  cause  P0  to  increase. 
Intertemporal  equilibrium  requires  the  future  value  of  oil  in  the  ground 
to  be  the  same  as  what  wculd  be  realized  if  the  oil  were  produced  today 
with  the  proceeds  invested  at  the  market  rate.^ 

This  relation  between  present  and  future  profits  can  be 

5 

rearranged  to  introduce  the  associated  concept  of  user  cost.  User 
cost  is  defined  as  the  present  value  of  the  profit  that  vould  be  earned 
on  an  extra  unit  if  its  production  were  postponed  to  the  best  future 
date.  In  the  simple  two  period  case  of  Equation  2 

3)  User  cost  =  PQ  =  P1 

(1  +  r) 

Equation  3  says  clearly  that  user  cost  of  a  unit  of  production  new  is 
the  opportunity  cost  of  foregone  future  profit. 

A  specfic  application  of  this  concept  to  oil  reservoir  develop¬ 
ment  has  been  presented  by  Paul  Davidson,  who  identifies  three  types  of 
user  cost.^ 

a)  User  cost  inherent  in  finite,  non-perishable  materials, 
substitutable  over  time 

b)  User  cost  of  ultimate  recovery 

c)  User  cost  of  the  rule  of  capture 

The  first  type  is  that  illustrated  by  Equation  3.  The  second 
type  relates  to  the  relationship  between  ultimate  recovery  and  produc¬ 
tion  rates.  Ibis  relationship  is  less  emphasized  in  the  current 
engineering  literature  (see  Sec.  3.3.1)  especially  in  discussion  of 
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tertiary  recovery  methods  that  utilize  seme  form  of  pressure 
maintenance.  The  third  type  is  due  to  the  cannon  property  nature  of  oil 
reservoirs  which  could  allow  neighbouring  wells  to  'capture'  seme  of  the 
oil  that  lies  under  the  surface  area  allotted  to  a  given  producer.  This 
type  of  user  cost  can  be  eliminated  by  unitization  practices. 
Therefore,  insofar  as  tertiary  recovery  is  concerned,  only  the  general 
user  cost  concept  related  to  the  substitutability  over  time  of  finite 
non-perishable  resources  has  relevance. 

It  should  be  noted,  however,  that  user  cost  is  a  concept  that 
ccmes  out  of  the  optimizing  procedure  establishing  the  optimal  rate  of 
production.  It  is,  in  essence,  a  first  order  condition  that  says 
profit,  over  time,  is  maximized  when  the  producer  produces  at  a  rate 
that  equates  marginal  current  profit  with  marginal  user  cost.  Since  our 
procedure  (discussed  below)  assumes  sane  optimum  rate  of  production  for 
each  reservoir  regardless  of  changes  in  future  price  expectations  the 
concept  is  not  directly  relevant  to  our  estimation.  It  should  also  be 
noted  that  since  user  cost  depends  on  future  prices  and  costs  of 
production  it  is  unknown  in  the  present.  The  resource  owner  bases  his 
estimate  of  user  cost  on  expected  prices  and  production  costs.  In  the 
models  developed  below  future  prices  and  costs  (in  real  terms)  are 
assumed  constant  at  particular  levels.  This  means  that  foregone  future 
profit  (discounted)  is  always  less  than  current  profit;  a  situation  that 
theoretically  suggests  there  would  be  a  strong  incentive  to  rapid 
production.  That  is,  in  the  real  world,  projects  would  be  brought  on 
stream  and  produced  as  quickly  as  possible,  since  the  profit  could  be 
reinvested  and  the  total  return  would  be  greater  than  if  production  was 
delayed  to  a  future  period.  This  is  a  theoretical  limitation  of  the 
constant  price  assumption.  However,  as  discussed  in  Chapter  4,  below, 
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we  adopted  a  schedule  of  project  initiation  that  brings  on  stream  (in 

descending  order  of  profitability)  an  arbitrary  percentage  of  projects 

each  year.  Furthermore  the  models  incorporate  producti.on  assumptions 

that  are  unrelated  to  price  once  the  basic  test  of  profitability  has 

been  passed.  Therefore,  the  fact  that  our  formulation  involves  marginal 

user  cost  that  is  always  less  than  marginal  current  profit,  though  it 

holds  behavioural  implications  in  the  real  world,  has  no  significance 

for  our  estimating  procedure.  It  is  perhaps  worth  mentioning  that  Scott 

has  pointed  out  the  difficulties  of  empirical  estimation  of  user  cost 

and  to  our  knowledge  no  attempts  to  utilize  the  concept  in  empirical 

7 

work  in  the  natural  resource  field  have  been  made. 

The  considerations  above  do  not  mean  that  the  concept  of  user 
cost  can  be  ignored  when  drawing  analytical  or  policy  conclusions  from 
the  eventual  estimates.  Therefore,  the  conclusions  set  out  in  Chapter  7 
deal  with  the  implications  of  user  cost  in  some  detail  in  circumstances 
where  the  price  assumptions  of  our  modelling  are  relaxed. 

Returning  to  Equation  1,  optimization  requires  knowledge  of  the 
functional  relationship  between  costs  and  output.  Presumably  increasing 
costs  through  investment  (such  as  adding  wells  or  using  more  chemicals) 
will  increase  the  rate  of  production  (q)  and  perhaps  also  the  total 
recoverable  oil  (R) .  Precise  knowledge  of  the  nature  and  extent  of  this 
relationship  would  allcw  us  to  select  the  optimum  path  for  investment 
and  production  given  a  set  of  input  and  product  prices.  The  solution 
would  identify  the  optimum  amount  of  recoverable  oil,  the  optimum  time 
profile  of  investment  and  production  required  to  recover  it  and  the 
economic  life  of  the  recovery  project.  Results  for  individual 
reservoirs  could  then  be  aggregated  to  determine  the  regional  and 
national  potential  for  'optimal'  enhanced  development  of  existing 


reservoirs . 
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Unfortunately ,  the  technology  of  the  various  enhanced  recovery 
processes  is  largely  in  the  development  stage  and  uncertainty  regarding 
individual  reservoir  characteristics  would  in  any  case  preclude  attempts 
to  optimize  along  the  above  lines.  Therefore,  an  alternative  estimating 
procedure  is  required.  The  production  models  described  in  Chapter  4  are 
based  on  the  results  of  ongoing  experimentation  in  field  and  laboratory 
as  reported  in  the  engineering  literature,  and  also  on  the  informed 
judgement  of  a  large  number  of  reservoir  engineers  specializing  in 
enhanced  recovery.  The  basic  structure  of  the  models  was  developed  by 
the  National  Petroleum  Council  and  Lewin  and  Associates,  refined 
somewhat  by  the  Petroleum  Recovery  Institute,  and  adapted  by  the  author 

Q 

to  the  particular  situation  and  circumstances  in  Alberta.  These 
production  models  make  an  '  informed  guess '  of  the  amount  of  recoverable 
oil  in  each  reservoir  which  is  to  some  extent  determined  by  individual 
reservoir  characteristics.  They  then  apply  production  assumptions  which 
differ  by  recovery  process  but  vhich  in  each  case  establish  a  particular 
production  and  investment  profile  over  time,  and  the  'life'  of  the 
project.  Finally,  an  economic  overlay  of  input  and  product  prices  is 
applied  to  each  reservoir  and  profitable  projects  are  added  to  the 
reserves  base. 

Comparing  this  procedure  to  the  theoretical  optimization  model 
of  Equation  1  reveals  it  as  an  attempt  to  specify  a  reasonable 
functional  relation  between  investment  and  associated  production  for 
each  enhanced  recovery  process  as  it  would  operate  in  individual 
reservoirs .  Instead  of  choosing  the  economically  optimum  path  from  a 
number  of  alternatives,  we  specify  an  assumed  optimum  path  from  an 
engineering  point  of  view,  and  determine  whether  or  not  it  is 
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economically  viable  under  several  different  sets  of  assumed  input  and 
product  prices.  Economically  viable  reservoirs  are  then  aggregated  to 
provide  an  estimate  of  overall  potential  and  the  sensitivity  of  the 
results  to  changes  in  initial  assumptions  is  determined.  The  details  of 
the  production  and  economic  models  are  provided  in  Chapter  4.  The 
estimation  results  appear  in  Chapters  5,  6,  and  Appendix  E.  The 
reminder  of  this  chapter  expands  the  theoretical  background  of  the 
economic  procedure  utilized  to  evaluate  individual  projects. 

2.2  Cost  Benefit  Analysis 

Oil  is  a  common  property  resource,  located  and  produced  under 
conditions  of  incomplete  information,  involving  external  effects,  and 
varying  degrees  of  monopoly  power.  Such  conditions  preclude  complete 
reliance  on  the  free  market  as  a  vehicle  to  maximize  welfare,  and 
necessitate  analysis  based  on  a  more  encompassing  approach  which  allows 
explicit  consideration  of  these  problem  areas.  Such  an  approach  is 
available  in  the  form  of  cost  benefit  analysis. 

2.2.1  Introduction 

Cost  benefit  analysis  is  essentially  an  application  of  theoret¬ 
ical  welfare  economics  arising  pricipally  from  the  need  to  put  a  value 
on  benefits  and  costs  of  activities  that  are  not  adequately  reflected  in 
market  prices.  The  failure  of  the  market  system  in  particular  instances 
is  attributable  to  a  number  of  circumstances,  primarily  the  existence  of 
externalities  and  public  goods,  ccrmon  property  resources,  and  market 
imperfections  such  as  immobile  resources,  incomplete  knowledge,  or  devi¬ 
ations  from  a  competitive  environment  due  to  any  of  the  circumstances 
that  impart  an  element  of  monopoly  to  economic  activity.  Market  failure 

may  mean  that  some  of  the  values  entered  in  economic  calculations  of 
Equation  1  are  inadequate,  and  particularly  in  the  case  of  public 
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investment  analysis,  require  the  analyst  to  make  sane  adjustment  to 
these  values.  Ihe  procedure  differs  frcm  private  investment  analysis 
primarily  in  the  extent  to  Which  external  costs  or  benefits  are 
specifically  accounted  for,  and  in  the  possible  use  of  a  'social 
discount  rate'  rather  than  the  private  firm's  required  rate  of  return, 
the  opportunity  cost  of  capital  to  that  firm. 

Most  applications  of  cost  benefit  analysis  devote  considerable 
space  to  discussing  benefit  evaluation.  In  our  case,  the  benefits  of 
the  projects  are  primarily  definable  as  the  market  value  of  future  oil 
produced  through  enhanced  recovery.  Nonetheless,  there  are  some  exter¬ 
nal  effects  that  could  be  quite  significant. 

Any  firm  engaged  in  an  on-going  search  for  oil  could  realize 
substantial  benefits  fron  even  modest  increases  in  recoverability  by 
enhanced  recovery  techniques  since  these  could  increase  potential  reven¬ 
ue  frcm  all  future  discoveries.  But  individual  firms  cannot  always  be 
sure  of  capturing  the  benefits  fron  tomorrow's  application  of  processes 
developed  today  because  of  limited  tenure  arrangements  and  political 
uncertainties.  So  they  will  be  hestitant  about  accepting  the  full  costs 
of  developing  such  processes.  This  is  not  a  problem  frcm  the  social 
point  of  view,  however,  since  the  public,  if  it  accepts  the  costs,  will 
eventually  reap  the  benefits  in  the  present  or  in  subsequent  genera¬ 
tions  . 

Another  major  benefit  to  society  from  developing  expertise  in 
this  area  lies  in  rationalizing  the  planning  process.  Say,  for  example, 
that  society  develops  its  collective  skills  enough  to  be  fairly  confi¬ 
dent  of  predicting  enhanced  recovery  potential.  Ihe  realization  of  this 
potential  may  require  research  at  both  the  theoretical  and  applied 
levels.  Also  material,  financial,  and  human  resources  will  need  to  be 
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allocated  to  the  activity.  The  lead  time  provided  by  the  forecasting 
procedure  will  allow  these  resources  to  be  deployed  in  an  efficient 
manner.  Even  if  the  actual  prediction  was  that  the  potential  was  negli¬ 
gible,  there  would  be  a  significant  benefit  to  society  in  the  form  of 
released  research  resources  directed  at  more  promising  alternatives . 
The  earlier  this  knowledge  is  made  available,  the  better  our  future 
planning  will  be. 

To  the  extent  that  security  of  oil  supply  is  important  we  may 
count  it  as  an  external  benefit  of  the  successful  development  of 
enhanced  recovery  skills.  It  may  be  that  the  most  significant  contribu¬ 
tion  of  an  enhanced  recovery  capability  will  come  from  providing  a 
needed  breathing  space  while  the  transition  to  other  energy  sources  is 
made. 

There  is,  however,  a  conceptual  problem  associated  with  the 
inclusion  of  the  last  two  items  in  the  list  of  benefits.  It  has  to  do 
with  the  fact  that  Cbst  Benefit  analysis  is  a  partial  equilibrium  tool 
and  is,  strictly  speaking,  not  applicable  to  situations  vhere  the  impact 
of  the  'project'  is  significant  enough  to  affect  macroeconomic  variables 
in  the  economy.  Our  usage  is  appropriate  when  we  restrict  ourselves  to 
consideration  of  individual  EOR  projects.  But  consideration  of  the 
external  benefits  discussed  above  brings  us  perilously  close  to  viewing 
the  collection  of  projects  as  one  big  project  in  which  case  partial 
analysis  becomes  questionable.  Consideration  of  such  external  benefits 
must  therefore  be  at  most  qualitative  in  nature.  Benefit  for  our 
purpose,  is  the  revenue  potential  of  each  project.  Potential  external 
costs  related  to  pollution  from  the  recovery  processes  would,  on  the 
other  hand,  apply  to  individual  projects.  We  handle  this  primarily  by 
incorporating  costs  of  pollution  abatement  in  each  project. 


30 

Other  aspects  of  the  cost  benefit  technique  and  our  use  of  it 
here  require  seme  ccnment.  These  include  the  choice  of  disount  rates, 
appropriate  investment  criteria,  and  the  handling  of  risk  and  inflation. 

2.2.2  Time  and  Project  Evaluation 

In  general,  projects  have  differing  time  profiles  of  benefits 
and  costs  which  carpi icates  the  problem  of  choosing  from  a  limited 
number  of  investment  options.  Ebr  example,  generation  of  electricity 
with  a  nuclear  plant  involves  a  large  initial  investment  follcwed  by 
moderate  yearly  operating  expenditures.  A  coal -powered  generating 
station  would  involve  lewer  initial  investment  but  higher  operating  cost 
over  the  life  of  the  plant.  A  rational  choice  between  two  such 
investment  opportunities  requires  seme  basis  of  comparison  which  takes 
into  account  the  heavier  burden  imposed  by  the  project  with  high  '  front 
end'  costs.  The  standard  procedure  is  to  reduce  all  future  expenditures 
and  revenues  to  a  present  value  through  discounting. 

The  Choice  of  a  Discount  fete 

The  question  of  which  of  several  general  approaches  to  the 
choice  of  an  appropriate  discount  rate  should  be  used  is  relatively 
ccrplex  and  cannot  be  discussed  thoroughly  here.  Cur  purpose  is  limited 
to  providing  the  rationale  underlying  the  estimating  procedure  adopted. 

It  will  be  convenient  to  address  this  question  in  twD  steps. 
First,  why  should  discounting  occur  at  all  (i.e.  why  should  interest 
rates  be  greater  than  0)?  Second,  which  of  a  variety  of  numerical  can¬ 
didates  should  be  used  for  discounting  future  benefits  and  costs? 
Although  the  discussion  is  couched  in  terms  of  deciding  among  a  choice 
of  discount  rates,  it  should  be  remembered  that  the  underlying  issue  is 
really  to  what  extent  present  generations  might  be  expected  to  make 
provision  for  future  generations  through  control  of  the  level  of  current 
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investment  or  use  of  current  resources .  Low  discount  rates  favour 
future  generations  by  justifying  high  levels  of  current  investment  the 
benefits  of  v*hich  will  be  valued  to  a  more  distant  future  horizon.  High 
discount  rates  favour  the  present  by  discouraging  investment  for  the 
production  of  more  distant  future  benefits,  and  thus  releasing  current 
resources  for  consumption  purposes,  the  benefits  of  which  are  realized 
by  today's  consumers. 

One  of  the  earliest  explanations  of  a  rationale  giving  rise  to  a 
positive  interest  rate  runs  in  terms  of  the  productivity  of  capital.  A 
man  may  catch  five  fish  in  a  day  by  snatching  than  from  a  stream,  but  if 
he  takes  time  off  frcrn  fishing  to  make  a  fishing  rod,  his  catch  per  day 
is  likely  to  increase  significantly.  In  fact,  it  must  be  so,  since  our 
fisherman  must  live  during  the  period  when  he  is  not  fishing  but  rather 
constructing  a  fishing  rod  and  he  must  therefore  borrow  food  from  others 
which  he  is  then  required  to  pay  back  by  catching  more  fish  than  he 
otherwise  would  have.  He  has  accepted  a  cost  related  to  a  time  interval 
in  order  to  increase  his  'production'  of  fish  through  the  use  of  capital 
(fishing  rod)  in  a  more  roundabout  production  process  (that  is,  produ¬ 
cing  one  good  first  then  using  it  to  produce  another) .  Generally,  in  a 
complex  economy,  interest  may  be  viewed  as  a  return  for  the  increased 
productive  efficiency  provided  by  resources  fashioned  into  capital  goods 
rather  than  into  goods  for  immediate  consumption. 

So  far,  one  important  aspect  of  this  process  has  been  neglected, 
namely  the  'borrowed'  fish  required  to  keep  our  fisherman  going  vhile  he 
designs  and  constructs  his  fishing  rod.  This  sustenance  came  from  other 
members  of  the  community  who  are,  in  effect,  saving  or  sacrificing  their 
own  current  consumption  in  order  to  assist  the  productive  process  for 
the  future.  Interest,  then,  is  also  viewed  as  the  payment  necessary  to 
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induce  such  individuals  to  postpone  consumption,  a  'reward'  for 
waiting . 

The  productive  attribute  of  'real'  capital  causes  entrepre¬ 
neurial  individuals  to  desire  it  in  order  to  increase  their  production. 
This  desire  is  translated  into  a  demand  for  financial  capital  with  which 
to  acquire  it  (or  in  our  simplistic  example,  a  demand  for  a  means  of 
subsistence,  fish,  while  the  real  capital  is  produced) .  The  desire  of 
other  individuals  to  provide  for  increased  future  consumption,  realized 
through  the  reward  they  get  for  'waiting'  ,  translates  into  a  supply  of 
financial  capital  (savings) .  These  potential  borrowers  and  savers  are 
brought  together  in  a  bargaining  situation  in  financial  capital  markets 
where  the  interaction  of  demand  and  supply  ultimately  establishes  seme 
equilibrium  price  for  financial  capital --the  market  rate  of  interest. 
Anyone  considering  an  investment  opportunity  could  evaluate  its  future 
prospects  by  comparison  with  the  market  rate  since  he  would  always  have 
the  choice  of  lending  his  money  out  at  this  positive  rate  instead  of 
engaging  in  the  real  investment  opportunity. 

The  second  question  implicitly  accepts  the  existence  of  positive 

interest  rates  and  asks  which  of  a  number  of  possible  rates  should  be 

used  for  project  analysis.  Should  it  be  based  on  some  notion  of 

9 

opportunity  cost  or  time  preference,  or  are  these  the  same?  The 
answer  will  depend  on  the  assumptions  of  our  model  and  on  our  point  of 
view--on  who  is  asking  the  question.  The  answer  for  society  will  be 
different  from  the  answer  for  individuals.  These  considerations  lead  to 
four  types  of  rates,  as  illustrated  in  Exhibit  2.1.^ 

Let  us  consider  first  the  benchmark  economic  model  of  perfect 
competition.  An  equilibrium  market  rate  of  interest  is  established  by 
the  interaction  of  forces  of  demand  and  supply  in  the  capital  market. 
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The  market  rate  is  the  private  opportunity  cost  of  capital  since  this 
rate  is  what  the  individual  foregoes  when  he  undertakes  real  investment 
as  opposed  to  lending.  Moreover,  since  the  rate  emerged  from  a 
competitive  bargaining  process,  it  would  presumably  represent  individual 
time  preference  at  the  margin  as  well.  So  at  least  frcxn  a  private 
vievvpoint  the  'perfectly  competitive'  model  has  an  unambiguous  answer  to 
our  problem.  The  choice  between  an  opportunity  cost  rate  and  a  rate 
based  on  time  preference  is  eliminated  since  they  are  the  same.  In  such 
a  world,  investment  decisions  would  be  relatively  uncomplicated.  As 
long  as  the  process  operated  without  major  imperfections,  one  could 
argue  that  the  market  was  correctly  allocating  resources  over  time. 
Future  generations  would  be  provided  by  firms  with  an  increased  stock  of 
capital  equipment  allowing  them  to  produce  more  goods  for  consumption. 
Present  generations  would  be  foregoing  consumption  now  for  a  return 
promised  to  them  or  their  heirs  which  just  compensated  for  their  time 
preference . 

The  first  complication  in  this  analysis  centres  on  the  possible 
divergence  of  private  and  social  opportunity  costs.'*''1'  This  is 
attributable  to  certain  well  known  externalities  such  as  pollution  and 
inadequate  institutions  governing  property  rights.  In  these  cases  costs 
external  to  the  firm  are  imposed  on  society  reducing  the  social  rate  of 
return  (rs)  below  the  private  rate  (rp)  .  The  problem  is  resolvable  in 
theory  by  ensuring  that  all  costs  are  internalized  to  the  firm.  The 
second  complication  has  to  do  with  the  divergence  of  opportunity  costs 
and  time  preference.  This  is  largely  due  to  the  existence  of  a 
government  sector  and  can  be  recognized  simply  by  considering  the  effect 
of  corporate  income  tax.  If  shareholders'  rate  of  time  preference  is 
ten  percent,  then  a  firm  facing  a  fifty  percent  income  tax  must  engage 
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in  investments  that  earn  twenty  percent  in  order  to  keep  annual  meetings 

serene.  The  implication  is  that  if  the  government  undertakes  a  project 

for  which  it  uses  resources  that  otherwise  would  have  been  used  by  firms 

then  the  opportunity  cost  of  those  resources  is  really  twenty  percent. 

So  what  rate  should  be  used  to  discount  the  benefit  and  costs  of  the 

public  project — twenty  or  ten  percent? 

In  his  discussion  of  the  problem,  Baumol  expresses  an  admittedly 

weak  preference  for  the  twenty  percent  rate  since  he  dislikes  taking 

resources  frcm  high  return  uses  to  put  them  in  low  return  uses.  But  he 

allcws  that  if  the  rate  of  time  preference  is  ten  percent,  then  using 

the  higher  rate  will  allocate  a  smaller  amount  of  productive  capital  to 

the  future  than  society  desires. 

. . .there  remains  an  inescapable  indeterminacy  in  the 
choice  of  discount  rate  on  government  projects .... ^^ 

The  quotation  highlights  the  fact  that  the  problem  as  it  is  discussed  in 

the  economic  literature  and  reported  on  here,  centres  on  evaluating 

public  sector  projects.  From  the  viewpoint  of  the  private  individual  or 

firm,  there  should  be  no  problem;  they  wculd  use  whatever  rate  reflected 

their  opportunity  costs.  These  are  often  approximated  by  the  market 

interest  rate  since  this  rate  is  a  proxy  for  the  foregone  alternatives 

13  . 

in  the  market.  The  reason  we  have  addressed  the  issue  is  that 

the  present  study  is  attempting  to  evaluate  a  series  of  private  projects 

from  both  a  private  and  social  viewpoint.  The  social  desirability  of 

enhanced  recovery  projects  my  be  underestimated  if  we  use  only  the  rate 

of  discount  associated  with  the  private  opportunity  cost  of  capital. 

To  recap,  we  are  seeking  a  basis  on  which  to  choose  a  discount 

rate  which  adequately  reflects  social  values.  In  an  imperfect  market 

there  is  a  conflict  between  the  private  and  social  opportunity  cost 
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approaches  and  between  the  private  opportunity  cost  and  private  time 
preference  appoach.  There  is  a  theoretical  solution  to  both  these 
problems,  although  they  are  difficult  to  apply  in  practice.  We  new 
extend  the  discussion  with  a  third  complication,  namely  the  divergence 
of  private  and  social  time  preference  rates  even  in  an  otherwise 
perfectly  operating  economy. 

The  social  time  preference  rate  indicates  how  today's  society 
values  future  consumption  (our  willingness  to  forego  present  consumption 
in  order  to  enjoy  future  consumption)  .  Society  may  collectively  value 
the  future  higher  than  each  individual  would  for  several  reasons.  First 
there  is  the  myopia  argument  suggesting  that  society  should  offset  the 
tendency  of  individuals  to  discount  the  future  too  heavily.  Bhagwati 
disputes  this  reasoning: 

A  system  of  time  discount  is  popular  with  economists, 
but  seems  to  have  little  justification:  after  all,  the 
very  purpose  of  prior  calculation  is  to  avoid  the  kind 
of  myopia  that  the  use  of  time-discount  rate  implies.-^ 

There  is,  however,  seme  justification  for  the  individual's  myopic  view 

of  things;  namely  the  always  present  possibility  of  imminent  death.  But 

for  society  this  argument  is  less  compelling,  particularly  if  the 

welfare  of  future  generations  is  to  count. 

Second,  we  may  cite  Marglin's  schizophrenic  answer,  that  is,  the 

'economic  man'  and  the  'citizen'  in  each  of  us  are  in  conflict  and  when 

expressing  our  views  as  to  how  government  should  treat  the  future,  we 

are  more  generous  collectively  than  we  are  in  private  economic  decision - 
15 

making. 

Finally,  Sen  has  pointed  out  that  it  is  quite  rational  for  indi¬ 
viduals  who  prefer  consuming  to  saving,  to  decline  to  imake  sacrifices 
for  the  future.  From  the  individual's  point  of  view  such  sacrifices 
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appear  insignificant  in  the  aggregate  but  reduce  the  current  welfare  of 
the  individual.  He  might  be  persuaded  to  provide  for  the  future,  but 
only  if  he  can  be  assured  that  everyone  else  will  as  well  since  then 
there  would  be  sane  'inpact'  to  the  decision.  6 

For  these  reasons,  then,  it  is  held  that  the  private  time  pre¬ 
ference  of  individuals  as  expressed  by  the  market  interest  rate  does  not 
adequately  allcw  for  the  future.  Therefore,  government  should  evaluate 
public  projects  using  sane  lower  'social  time  preference'  in  order  to 
pass  on  an  equitable  amount  of  productive  capacity  to  the  future. 

One  objection  to  this  suggests  that  people  who  make  up  the 
market  and  those  who  elect  the  government  are  the  same  group  and  that  a 
specific  political  decision  to  contradict  the  econonic  decision  implies 
sane  undesirable  inconsistency.  But  this  neglects  the  fact  that 
econonic  decisions  emerge  within  a  given  distribution  of  wealth  and 
inccme  and  it  may  well  be  deemed  desirable  to  override  a  decision 

arrived  at  through  (unequally  shared)  dollar  voting  by  the  process  of 

.  •  ■  1 7 
political  voting . 

On  a  political  level,  the  issue  relates  to  whether  a  government 
should  act  rationally  or  follow  the  dictates  of  public  opinion.  Should 
they  act  in  the  best  interests  of  the  public  or  should  they  do  what  the 
public  wants?  A  related  question  is  whether  or  not  the  'public'  should 
include  unborn  generations,  in  which  case  one  could  imagine  a  heavier 
vote  for  the  lower  discount  rates  in  order  to  provide  for  the  future. 

This  leads  us  to  an  argument  in  favour  of  discounting  the  future 
which  has  to  do  with  increasing  affluence  over  time  and  the  inevita¬ 
bility  of  diminishing  levels  of  satisfaction  from  incremental 
consumption.  Since  consumption  levels  seem  to  increase  over  time,  the 
satisfaction  received  by  future  generations  from  incremental  consumption 
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is  presumably  less  than  that  received  by  present  generations.  If  this 
is  correct,  it  would  be  reasonable  to  value  future  consumption  less 
highly  than  today's  (i.e.,  discount  it).  There  are  two  problems  with 
this  reasoning  as  it  stands.  First,  although  consumption  per  capita  has 
shown  steady  increases  in  the  past,  it  is  not  certain  that  this  trend 
will  continue  into  the  future.  It  depends  on  continued  technological 
advance  and  this  is  by  no  means  certain,  as  will  be  argued  more  fully 
belcw.  The  second  problem  is  both  more  fundamental  and  more  carpi  ex. 
Diminishing  returns  from  consumption  is  an  intuitively  acceptable  idea 
when  applied  to  individual  goods  and  services.  Who  wDuld  argue  with  the 
assertion  that  satisfaction  wanes  as  more  pizza,  beer  or  barrels  of  oil 
are  consumed?  It  is  not  so  easy  to  imagine  situations  where  we  have  so 
much  of  all  goods  that  additional  quantities  of  any  of  them  wculd  bring 
declining  satisfaction.  Even  if  such  a  situation  of  'bliss'  is  possible 
for  a  few  individuals,  it  is  difficult  to  conceive  of  it  as  applying  to 
entire  future  populations.  However,  even  if  we  accept  the  position  that 
today's  generations  have  a  responsibility  for  the  well-being  of  future 
generations,  we  should  not  conclude  that  that  responsibility  should 
necessarily  be  met  by  an  artificial  inducement  to  investment  in  the  form 
of  a  lower  social  discount  rate.  This  is  because  there  is  a  general 
value  judgement  accepted  by  most  modern  societies  that  there  should  be 
sane  redistribution  of  wealth  from  the  rich  to  the  poor.  But  it  is 
almost  certain  that  technological  advances  will  make  our  descendants 
better  off  than  we  are.  So  why  should  we  transfer  benefits  from  today's 
poor  generation  to  tomorrow's  rich  generation?  The  future  will  be 
provided  for  by  today's  new  technology  so  we  need  not  provide  for  it 
through  investment.  However,  continuing  technological  advance  is 
not  guaranteed  and,  in  fact,  it  has  been  suggested  that  increases  in 
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knowledge  may  soon  begin  to  succumb  to  the  law  of  diminishing  returns. 
For  example,  we  have  achieved  thirty  percent  efficiency  in  the  internal 
combustion  engine  but  the  maximum  possible  efficiency  is  something  less 
than  one  hundred  percent;  thus  the  potential  for  improvement  is  finite. 
The  same  point  can  be  applied  to  recovering  petroleum  from  reservoirs. 

This  last  argument  suggests  that  the  problem  of  provision  for 
the  future  is  perhaps  more  acute  in  the  case  of  depletable  resources. 

This  is  so  because  the  decision  to  use  up  a  non-renewable  resource  is 

■  •  .  ■  •  1 9 

irreversible  within  the  relevant  time  frame  of  human  existence. 

In  such  a  case,  it  may  be  more  reasonable  to  allow  for  the  future  to  a 

greater  extent,  evaluating  projects  that  extend  resource  availability 

with  a  lcwer  social  rate  of  discount.  Nor  need  we  look  to  the  end  of 

the  resource  life  to  envision  benefits  fron  such  action.  As  mentioned 

above,  a  major  contribution  of  projects,  such  as  enhanced  oil  recovery 

might  well  be  to  tide  us  over  a  period  in  the  medium  term  future  when 

conventional  sources  are  running  out  and  adequate  substitutes  have  not 

yet  been  developed. 

This  somewhat  extended  discussion  of  the  conceptual  issues 
surrounding  the  choice  of  a  discount  rate  is  intended  in  part  to 
illustrate  the  difficulties  in  analyzing  long  term  capital  projects  and 
in  part  to  provide  explicit  delineation  of  seme  factors  that  should  be 
taken  into  account  by  decision  makers  in  society,  both  government  and 
private.  Wrong  decisions  from  a  social  viewpoint  are  quite  as  likely  to 
be  due  to  ignorance  of  the  issues  as  to  deliberate  neglect  of  future 
generations.  If  Marglin's  schizophrenic  iron  has  any  basis,  it  behooves 
us  to  educate  'the  citizen'  since  the  'economic  man'  will  instinctively 


look  after  himself. 
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The  practical  problem  of  selecting  an  appropriate  discount  rate 
is  conditioned  by  one's  view  of  the  theoretical  issues  outlined  above. 
No  consensus  has  been  reached  in  the  literature  and  exarrples  of  studies 
using  discount  rates  ranging  from  0  to  10  percent  and  higher  can  be 
found.20 

Some  guidance  is  provided  by  a  1977  study  for  the  Economic  Goun- 

cil  of  Canada  that  estimated  the  rate  of  return  to  capital  in  Canada 

over  the  period  1965-1974  to  be  approximately  10  percent.  Helli- 

well  et  al.  approximated  the  real  supply  price  of  capital  in  the  period 

22 

1955-1972  at  about  5  percent.  These  considerations  led  the  Treas¬ 
ury  Board  of  Canada  to  recommend  in  1976,  a  base  discount  rate  for 

social  analysis  of  10  percent  with  rates  of  5  and  15  percent  for  sensi- 
■  •  •  23 

tivity  analysis.  The  approach  of  using  several  discount  rates  to 

evaluate  individual  projects  was  incorporated  in  the  present  analysis 
wherein  25  rates  ranging  from  0  to  100  percent  were  applied  to  indivi¬ 
dual  projects. 

These  rates  were  easily  and  inexpensively  incorporated  into  the 
computer  modelling  for  individual  project  analysis  but  the  problem  of 
which  of  the  rates  to  use  for  purposes  of  aggregating  and  reporting 
results  was  less  tractable.  In  order  to  determine  aggregate  potential 
for  a  given  discount  rate  it  was  necessary  to  check  profitability  of 
each  of  some  1,536  projects.  This  was  because  we  evaluated  643  reser¬ 
voirs,  some  of  which  were  technically  amenable  to  several  different 
recovery  processes.  The  time  and  dollar  costs  of  this  aspect  of  the 
aggregation  of  the  results  of  individual  project  evaluations  was  a  deci¬ 
ding  factor  in  our  decision  to  limit  reported  results  to  aggregations 
for  three  discount  rates  only. 

The  preferred  discount  rate,  upon  which  the  bulk  of  the  analysis 

was  based,  was  8  percent.  This  rate  was  cited  as  the  historical  real 
rate  of  return  for  the  U.S.  Oil  Industry  in  a  1976  study  of  Enhanced  Oil 
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Recovery  by  Lewin  and  Associates.  However,  there  were  several 
other  considerations  that  prompted  our  adaption  of  the  8  percent  rate. 
One  reason  centred  on  the  manner  in  which  risk  was  eventually  incorpora¬ 
ted  in  the  analysis.  This  is  discussed  more  fully  in  Section  2.2.7,  but 
the  essential  aspect  of  our  treatment  is  that  risk  did  not  enter  solely 
as  a  premium  in  the  discount  rate.  Since  there  were  seme  other  consid¬ 
erations  in  incorporating  risk  we  felt  that  a  rate  somewhat  lewer  than 
the  10  percent  suggested  by  the  Treasury  Board  would  not  be  out  of 
order . 

The  precise  amount  by  which  the  suggested  10  percent  rate  should 
be  reduced  due  to  the  other  ways  in  which  risk  was  being  considered  was 
not  immediately  apparent.  Nor  did  it  appear  essential  that  we  commit 
ourselves  to  seme  division  of  our  chosen  discount  rate  between  risk  and 
pure  return  to  capital.  However,  we  were  influenced  in  this  connection 
by  unpublished  estimates  by  Dorfman  of  a  theoretical  social  rate  of 
discount  that  lies  in  the  range  3  to  4  1/2  percent.  if  this  is 
taken  as  a  pure  return  component  of  a  10  percent  discount  rate  it 
implies  a  risk  component  of  5  l/2  to  7  percent.  Because  some  aspects  of 
risk  are  being  allcwed  for  in  other  ways  we  chose  to  reduce  the 
suggested  rate  by  2  percent  and  to  interpret  the  resulting  8  percent 
rate  as  being  made  up  of  a  3  percent  pure  rate  of  time  preference  and  a 
5  percent  allowance  for  risk. 

The  8  percent  represents  a  real  rate,  which  abstracts  from  the 
rate  of  inflation.  A  corresponding  nominal  rate,  if  we  assume,  for 
example,  a  7  percent  inflation  rate,  would  be  approximately  15  percent. 
Some  support  for  our  choice  was  accorded  by  the  fact  that  15  percent  was 
the  basic  rate  being  used  for  project  analysis  by  two  major  oil  compan¬ 
ies,  Gulf  Canada  Ltd.  and  Imperial  Oil  Ltd.  It  was  for  this  reason  that 
we  decided  to  view  our  8  percent  real  rate  as  an  upper  bound.  Thus  we 
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chose  to  aggregate  results  and  determine  potential  recoverable  reserves 
based  on  the  8  percent  real  discount  rate  and  two  smaller  rates,  3 
percent  and  0  percent.  The  results  of  this  limited  sensitivity  analysis 
are  presented  in  Table  5.4.  However,  it  is  of  seme  interest  to  note 
here  that  increasing  the  rate  frem  0  to  3  percent  reduced  the  number  of 
profitable  reservoirs  (before  taxes)  by  4  percent  and  reduced  the  amount 
of  recoverable  oil  by  less  than  one  percent.  Increasing  the  discount 
rate  from  3  percent  to  8  percent  caused  a  further  reduction  in 
profitable  reservoirs  of  about  7  percent  and  a  reduction  in  recoverable 
oil  of  only  6  percent.  Ihe  results  are  not  very  sensitive  to  changes  in 
the  discount  rate  within  a  reasonable  range. 

2.2.3  Investment  Criteria 

Another  problem  of  cost  benefit  analysis  that  requires  general 
treatment  is  that  of  determining  when  projects  should  be  undertaken.  On 
the  most  general  (and  most  complex)  level,  this  is  a  question  of  deter¬ 
mining  when  the  welfare  of  a  society  is  improved  by  a  project.  The  only 
truly  unambiguous  answer  to  this  is  one  that  says,  "When  no  one  is  made 
worse  off  and  at  least  one  person  is  made  better  off . "  This  is 
because  we  have  no  acceptable  basis  for  making  interpersonal  comparisons 
of  well  being.  Ihe  degree  to  which  one  person  in  society  is  made  worse 
off  by  an  action  could  exceed  the  combined  increase  in  welfare  of  the 
rest  of  the  population. 

Unfortunately,  almost  all  of  the  projects  which  made  no  one 
worse  off  were  used  up  at  the  time  of  creation.  Therefore,  another 
criterion  was  developed  which  said,  "If  gainers  gain  enough  to  allow 
them  to  bribe  losers  into  accepting  the  project,  then  welfare  is 
improved."  Unfortunately  it  was  soon  pointed  out  that  if  the 
losers  were  actually  paid  off  they  might  then  discover  that  they  would 
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prefer  to,  and  could,  bribe  the  gainers  to  revert  to  the  initial 
situation.  Ibis  seemingly  strange  result  is  indeed  possible  because 
redistributing  inccme  changes  peoples’  relative  valuations  of  goods  and 
services.  But  if  this  was  to  be  the  case,  in  what  sense  could  we  say 
that  the  project  leaves  society  better  off?  So  another  rule  was 
introduced  which  said  that  gainers  must  (hypothetically)  be  able  to 
bribe  losers  and  once  that  was  (hypothetically)  done  the  losers  could 

no 

not  reverse  the  bribe. 

Aside  from  the  distribution  question  mentioned  in  footnote  27, 

which  is  a  major  theoretical  objection  to  these  criteria,  this  last 

refinement  seems  to  put  us  back  into  the  position  of  having  a  criteria 

so  strict  its  practical  applicability  will  be  only  rarely  possible.  An 

eminently  practical  escape  from  this  dilemma  is  put  forward  by  Bergson 

who  suggests  simply  that  choices  should  be  made  on  the  basis  of  explicit 
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value  judgments  regarding  the  desirability  of  projects.  Such 

judgment  would  rely  on  whatever  objective  information  was  available  but 
the  decision  as  to  whether  a  project  ultimately  was  good  or  bad  wculd  be 
an  autocratic  one  by  the  analyst  or  government  official,  or  perhaps  a 
corporate  officer.  The  solution  is  one  which  in  essence  sidesteps  the 
problem . 

The  solution,  in  practice,  is  to  equate  increases  in  production 

with  increases  in  welfare  so  that  any  specific  project  is  judged  to 
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increase  welfare  when  a  clear  net  gain  to  GNP  is  demonstrable. 

This  means  that  procedures  for  evaluating  specfic  projects  must  be 

considered . 

2.2.4  Specific  Evaluation  Criteria 

At  the  level  of  deciding  among  specific  investment  projects,  a 
number  of  rules  are  in  use.  More  common  ones  include  estimating 
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accounting  return  on  investment,  pay  out  times,  internal  rates  of  return 
and  net  present  value.  Since  the  most  theoretically  desirable  rule 
(NPV)  is  not  the  one  most  ccrmonly  used  in  industry  evaluations,  seme 
justification  for  its  use  here  seems  in  order. 

In  general,  the  choice  of  a  decision  rule  is  dependent  on  both 

the  spec  trim  of  projects  under  consideration  and  what  it  is  to  be 

accomplished  by  the  rule  in  question.  The  question  of  the  objective  of 

the  rules  involves  distinguishing  between  decision  criteria  and 

31 

performance  measures.  Performance  measures  for  management  control 
are  useful  in  business.  Measures  of  accounting  return  on  investment 
which  take  into  account  some  assumed  depreciation  of  capital  equipment 
in  computing  profits  as  a  percentage  of  investment  are  fairly  ccrrmcn. 
In  judging  historical  performance,  such  a  measure  has  seme  validity  but 
as  a  device  to  aid  in  decisions  regarding  future  projects,  it  fails  on 
two  counts.  First,  the  procedure  for  determining  accounting  return  on 
investment  is  somewhat  arbitrary,  one  may  compute  a  return  as  a 
percentage  of  intitial  investment  or  as  seme  average  investment  cost. 
Alternate  assumptions  regarding  depreciation  can  affect  the  result  as 
well.  The  second  and  primary  reason  is  that  it  ignores  differing  time 
patterns  of  revenues  and  costs,  the  time  value  of  money,  which  was 
established  in  the  previous  section  as  being  a  particularly  important 
aspect  of  rational  investment. 

The  payback  period  approach,  which  says  choose  that  investment 
which  will  be  recovered  in  the  shortest  period  possible  also  suffers 
frem  failure  to  incorporate  time  properly.  More  important,  the  payback 
method  ignores  potential  receipts  beyond  the  date  when  the  investment 
has  been  recovered.  Justification  of  this  approach  as  a  way  for  firms 
to  account  for  risk,  early  payback  presumably  suggesting  less  risk,  is 
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not  carpel  ling  since  better  ways  to  handle  risk  are  available. 

Turning  to  those  methods  that  incorporate  the  discounting 
process  they  can  be  illustrated  with  the  help  of  Equation  1: 
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Where 


NPV  =  net  present  value 
TR^  =  revenue  in  period  t 
TCt  =  costs  in  period  t 

r  =  rate  at  vhich  the  future  is  discounted 

or 

internal  rate  of  return 


Given  acceptable  forecasts  of  future  revenues  and  costs,  if  a  particular 
rate  of  discount  is  adopted  for  the  analysis  the  equation  can  be  solved 
for  the  net  present  value.  Projects  Whose  value  is  greater  than  or 
equal  to  0  would  be  economically  desirable.  Alternately,  one  can 
solve  for  the  rate  that  equates  costs  and  benefits  (i.e.,  yields  a  0 
NPV).  This  rate  is  referred  to  as  the  internal  rate  of  return  and  the 
rule  is  to  undertake  all  projects  vhere  internal  rate  of  return  exceeds 
the  firm's  opportunity  cost  of  capital  (required  rate  of  return). 

The  interpretation  of  Equation  1  in  these  two  ways  indicates 
that  the  approaches  are  related.  However,  it  should  be  remembered  that 
they  are  conceptually  distinct  and  in  general  the  net  present  value 
criteria  is  the  more  reliable  for  reasons  to  be  noted  be  lew.  For  the 
simplest  decision  either  to  accept  or  reject  a  project,  the  two  rules 
yield  the  same  signal  (i.e.,  if  IRR  is  greater  than  r  then  net  present 
value  is  greater  than  0  ) .  But  as  soon  as  the  decision  is  complicated 
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by  the  need  to  rank  projects,  which  occurs  when  capital  is  rationed  or 
when  projects  are  mutually  exclusive,  the  rate  of  return  method  remains 
applicable  only  when  the  alternatives  are  similar  in  terms  of  initial 
cost,  project  life  and  patterns  of  cash  flow  over  time.^ 

When  projects  differ  in  one  of  these  dimensions  the  situation 
depicted  in  Figure  2.1  is  not  unlikely.  The  IRR  and  NPV  rules  conflict 
for  rates  less  than  10  percent  in  this  example  since  the  IRRA  >  IR% 
but  clearly  the  NPVg  >  NFVA.  The  internal  rate  of  return  method 
gives  an  incorrect  ranking  as  to  the  worth  of  the  projects  because  it  is 
assuming  that  intermediate  cash  flows  can  be  reinvested  at  the 
calculated  internal  rate  of  return.  But  usually  the  rate  at  which 
intermediate  cash  flows  can  be  reinvested  is  less  than  the  IRR  and  so 
the  project  is  implicitly  overvalued. 

Another  problem  concerns  the  possibility  of  multiple  solutions. 

For  abnormal  time  patterns  of  net  returns  the  possibility  of  more  than 

one  rate  of  return  exists.  A  'normal'  pattern  is  an  initial  investment 

expenditure  followed  by  net  inflows  to  the  end  of  the  project.  The 

'abnormal'  case  then  vsould  involve  net  outlays  late  in  the  project  life 

as  when  dismantlement  is  required  when  it  shuts  down,  or  in  the  case  of 

oil  and  gas,  when  capping  and  plugging  a  reservoir  is  required  vhen  it 

is  abandoned.  The  problem  is  illustrated  by  Table  2.1  and  Figure  2.2. 

The  stream  of  net  revenues  changes  sign  twice  so  two  solutions  are 
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possible  and,  in  this  case,  exist.  Neither  solution  is  more 

correct  than  the  other,  thus  the  occasionally  seen  advice  that  the 
economically  relevant  solution  (i.e.,  say  a  positive  IRR)  should  be 
chosen  is  theoretically  unsound.  Although  this  problem  is  rare  in 
practice  since  extreme  cases  are  required  to  produce  mulitple  solutions, 
it  happens  to  be  fairly  carmen  in  the  oil  industry  due  to  the  prevalence 
of  acceleration  projects. 


Net  Present 
Value  (NPV) 


Figure  2.1  -  Present  Value  Profiles  Showing  the  Possible  Conflict 
Between  NPV  and  IRR  Rules.  IRRD  is  less  than  IRR. 

D  A 

implying  A  is  the  preferred  project.  But  for  dis¬ 
count  rates  less  than  10  percent,  NPVg  is  greater 

than  NPV^  implying  B  is  the  preferred  project. 
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TABLE  2.1 

ABNORMAL  EXPENDITURE  PROFILE 


r 

1 

Project  Year 

2  3 

4 

NPV 

0 

-1 

6  -11 

6 

0 

1 

-1/2 

-6/4  -H/8 

6/16 

0 

2 

-1/3 

6/9  -11/27 

6/81 

0 

3 

-1/4 

6/16  -11/64 

6/256 

NPV  = 

B 

2  1 
(1  +  r)t 

FIGURE  2.2:  Abnormal  Expenditure  Profile 

SOURCE:  J.  Hi rshl ei fer ,  Investment  Interest  and  Capital,  1970, 
p.  79,  Fig.  3-15. 
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An  acceleration  project  is  one  in  which  a  petroleum 
or  mining  company  invests  funds  in  order  to  accelerate 
the  recovery  of  a  given  body  of  oil  or  minerals.  In 
these  situations,  the  typical  cash  flow  associated  with 
the  investment  always  involve  a  major  reversal  of  cash 
flews  with  the  patterns  minus  plus  minus,  that  is, 
outlays  new  produce  incremental  positive  flows  in  the 
near  future  (as  recovery  is  accelerated  relative  to  the 
status  quo)  followed  by  negative  incremental  flows  (as 
the  reserves  are  exhausted  earlier  than  they  would  have 
been  if  the  acceleration  investment  had  not  been  made)  . 

The  attempt  to  measure  the  IRR  for  such  projects  fre¬ 
quently  yields  multiple  and  hence  meaningless 
solutions . 

In  the  face  of  these  disadvantages  the  continued  emphasis  on  IRR 
methods  in  the  oil  industry  is  to  say  the  least,  curious.  It  is  partly 
explained  by  the  fact  that  for  simple  investment  decisions,  it  gives  the 
same  signal  as  NPV  rules.  It  is  also  in  part  due  to  the  easier  and  more 
intuitive  interpretation  associated  with  IRR  rules  especially  for  those 
not  familiar  with  the  rationale  of  discounting.  This  is,  however, 
hardly  a  justification  for  accepting  the  needless  risk  of  choosing  the 
wrong  project.  Finally,  there  may  be  a  reluctance  on  the  part  of  a 
manager  to  undertake  investment  projects  for  which  the  bulk  of  return 
occurs  far  in  the  future.  Such  projects  adversely  affect  the  accounting 
measures  of  profit  which  are  sometimes  used  to  judge  the  manager '  s 
performance.  In  such  cases  shareholders'  interests  in  terms  of  long 
term  value  maximization  of  the  firm  conflict  with  managerial  performance 
objectives  and  the  question  who  runs  the  firm  and  to  what  end  becomes 
relevant.  The  problem  can  be  mitigated  by  enhanced  ccrrmunication 
between  managers  and  investors  since  most  investors  are  disposed  to 
accept  a  dip  in  present  returns  if  future  returns  premise  to  be 
significant. 

2.2.5  Inflation 

35 

The  best  way  to  handle  general  inflation  is  to  ignore  it. 

This  is  assuming  that  the  rate  of  inflation  is  incorporated  in  the 
discount  rate  used  in  the  analysis.  Since  interest  rates  may  loosely  be 
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considered  as  the  price  of  money,  it  is  not  unreasonable  to  assume  that 
general  inflation  would  involve  increases  in  this  'price'  as  well  as 
others.  In  general,  interest  rates  do  increase  in  inflationary  periods 
to  protect  lenders  from  losses  in  purchasing  power  on  the  funds  they 
lend. 

We  can  compare  the  net  present  value  analysis  with  and  without 
an  inflationary  premium  to  clarify  the  above  point.  Thus  inflationary 
increases  in  net  benefits  over  time  are  offset  by  the  approximately 
equal  inflationary  increases  in  the  rate  used  to  discount  these  benefits 
in  the  calculation  of  net  present  value.  This  is  illustrated  in  Section 
4.6.3  below,  where  we  discuss  the  criteria  of  economic  viability 
incorporated  in  the  models. 

2.2.6  The  Future  Price  of  Oil 

Price  forecasts  are  fraught  with  difficulty  even  when  economic 
factors  doninate  the  price  formation  process.  When  political  factors 
are  significant,  uncertainties  quickly  reach  a  level  that  makes  single 
forecasts  more  misleading  than  useful.  As  one  commentator  has 
suggested,  the  only  thing  we  can  be  sure  of  about  oil  price  forecasts  is 
that  they  will  be  wrong. ^  Consequently,  we  will  utilize  a  range  of 
prices  which  it  is  hoped  will  capture  the  most  relevant  possibilities. 
Even  so,  sane  consideration  of  the  forces  involved  is  necessary  to 
establish  limits  to  the  range. 

The  real  price  of  oil  had  been  declining  slightly  over  time  for 
a  number  of  years  prior  to  1973.  At  that  time,  OPEC  caused  a  drastic 
increase  (four-fold)  in  the  price  of  crude,  which  signalled  a  new  era  in 
the  institutional  arrangements  by  which  price  decisions  are  made. 
Clearly,  looking  to  past  trends  in  prices  for  hints  about  the  future 
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would  be  a  futile  exercise  since  the  institutional  environment  within 
which  prices  are  determined  has  been  basically  altered  by  the  formation 
of  OPEC.  However,  one  can  attempt  to  understand  the  major  underlying 
causes  of  the  recent  changes,  combine  them  with  whatever  economic  and 
political  factors  one  views  as  important  and  structure  forecasts 
accordingly. 

A  scenario  that  suggests  moderate  price  increases  for  the  fore¬ 
seeable  future  can  be  built  along  the  following  lines.  The  1973-1974 
price  increases  may  be  viewed  as  a  movement  from  a  competitive  price 
level  to  a  monopoly  price  level.  This  monopolistic  exploitation  of 
world  demand  is  a  one-time  possibility  so  there  is  little  likelihood  of 
increases  of  this  magnitude  occurring  again.  This  is  particularly  true 
given  the  likelihood  of  future  dominance  of  OPEC  policy  by  the  long-term 
interests  of  Saudi  Arabia.  The  price  increase  has  also  been  accompanied 
by  the  development  of  alternate  supplies  in  the  North  Sea  and  Alaska 
which  in  the  short-run  (tw o  or  three  years)  suggests  the  possibility  of 
a  constant  or  declining  real  price.  But  in  spite  of  conservation 
measures  it  seams  unlikely  that  demand  grcwth  will  fall  off 
significantly  so  we  might  expect  a  return  to  moderately  rising  real 
prices  in  the  early  1980s.  On  logical  grounds,  a  'most  likely' 
estimate  for  the  rate  of  increase  in  real  oil  prices  at  this  time  would 
be  the  rate  that  emerges  from  the  new  standard  economic  model  of 

exploitation  of  a  depleting  resource,  namely,  the  market  rate  of 
4-38 

interest . 

Although  the  possibility  of  a  decline  in  the  real  price  of  oil 
is  remote,  serious  consideration  must  be  given  to  the  possibility  of  a 
constant  real  price,  that  is,  nominal  prices  keeping  pace  only  with 
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inflation.  This  could  result  if  world  demand  growth  was  stalled  due  to 
slower  than  predicted  economic  growth  or  if  substitution  of  other  energy 
sources  for  oil  accelerates.  It  may  also  be  in  the  preceived  interest 
of  Saudi  Arabia.  In  any  case  it  should  be  recognized  that  a  'lew' 
forecast  represents  an  unfavourable  developnent  frem  the  point  of  view 
of  justifying  enhanced  recovery  which  to  seme  extent  justifies  its 
consideration  in  a  sensitivity  analysis. 

Subscription  to  the  analysis  that  justifies  our  lew  and  medium 
forecasts  should  not  blind  us  to  the  possibility  of  significant 
increases  in  oil  prices.  For  example,  consider  the  case  of  Iran.  With 
projected  population  to  2025  triple  what  it  is  today  (from  40  to  120 
million)  and  with  income  levels  that  will  imply  domestic  energy 
consumption  on  the  scale  of  Western  Europe  or  even  North  America,  Iran 
might  decide,  in  1990,  to  export  only  a  fraction  of  what  current 
forecasts  show  that  they  could  be  exporting.  They  might  view  national 

self-sufficiency  as  important  a  target  as  it  is  currently  viewed  in  the 

19  ... 

United  Sates  and  Canada.  our  high  price  case  will  implicitly 

incorporate  this  possibility. 

Finally,  by  attaching  seme  probabilities  to  the  various  fore¬ 
casts  we  could  calculate  an  expected  price.  This  procedure,  however, 

would  add  little  and  might  even  be  detrimental  since  it  draws  attention 

40 

away  frem  the  variability  of  the  possible  outcomes.  instead  we 

carried  out  the  analysis  using  a  range  of  prices  which  provide  seme 
feeling  for  how  sensitive  our  results  are  to  changes  in  this  important 
parameter.  We  gave  seme  consideration  to  incorporating  a  real  W3rld 
price  considerably  lewer  than  currently  prevailing  as  one  of  our  cases. 
We  decided  against  it  on  the  basis  of  current  views  about  the  high 
survival  potential  of  OPEC  and  a  general  judgement  that  even  if  OPEC 
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should  break  up,  Saudi  Arabia  would  in  any  event  act  as  a  price  leader  by 
acccrrimodating  its  production  in  the  interest  of  at  least  maintaining  the 
current  world  price.  This  allowed  us  to  run  the  complete  analysis  for 
prices  of  $15,  $20,  $25,  and  (as  a  limiting  case)  $100  per  barrel  oil. 

2.2.7  Risk 

Risk  is  either  insurable  or  uninsurable,  only  the  latter 
requiring  specific  analytical  treatment.^1  All  risks  are  economic 
in  the  sense  that  they  ultimately  relate  to  cash  flew  (or  in  the  social 
sense,  net  benefits)  .  However,  it  is  convenient  to  classify  them  as 
technical  or  economic  (according  to  source  rather  than  effect) .  In  the 
petroleum  industry,  technical  risks  are  related  to  either  geology  or 
engineering  and  economic  risks  relate  to  future  demand  and  supply  (cost) 
conditions . 

Geological  and  engineering  risks  are  closely  related  but  may  be 
distinguished  because  the  geological  problem  is  one  of  establishing  the 
existence  and  quantity  of  oil  in  particular  locations  whereas  the 
engineering  problem  is  one  of  how  to  get  at  this  oil.  Both,  however, 
stem  frem  the  difficulties  of  obtaining  reliable  measurements  of  rock 
and  fluid  parameters  and  of  interpreting  such  data.  The  uncertainty 
inherent  in  the  process  is  highlighted  by  Ess  ley,  who  points  out  that 
reservoir  engineering  is  more  an  art  than  a  science — -differing 
interpretations  of  data  are  common.  He  defines  a  reservoir  engineer  as 
one  who 

takes  a  limited  number  of  facts,  adds  numerous  assumptions, 

and  arrives  at  an  unlimited  number  of  conclusions. 42 

The  economic  risk  is  that  forecasts  of  world  demand  and  supply 
may  imply  a  level  of  product  prices  that  is  not  realized  in  the  future. 
The  price  may  turn  out  to  be  lower  than  expected,  reducing  the 
profitability  of  sane  enhanced  recovery  projects  that  were  undertaken 
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because  of  a  higher  expected  price.  Or  the  price  may  turn  out  to  be 
higher  than  expected,  which  could  mean  that  sane  projects  that  would 
have  been  profitable  were  not  undertaken.  Given  the  long  lags  involved 
in  development  operations  and  the  problems  of  reopening  fields  once  they 
have  been  closed  dcwn,  such  projects  may  be  lost  forever.  Although 
price  is  the  variable  of  interest,  the  forecaster  must  address  demand 
and  supply  separately  since  each  depend  on  different  things.  Demand 
forecasts  utilize  population  projections,  incane  growth  and  a  perceived 
relation  between  affluence  and  energy  use.  Demographic  projection  tech¬ 
niques  are  becoming  more  reliable,  as  are  income  projections  and  our 
understanding  of  the  relation  between  GNP  and  energy  use.  Future  demand 
uncertainties  will  arise  largely  frcm  inability  to  predict  the  direction 
of  energy  policy  and  its  potential  impact.  However,  even  a  totally  con¬ 
servation-oriented  set  of  policies  with  maximum  impact  in  the  western 
countries  would  only  alter  world  demand  growth  rates,  not  eliminate 
them.  This  suggests  that  the  significant  uncertainties  lie  on  the  sup¬ 
ply  side  in  the  areas  of  potential  new  reserves,  and  in  the  distribu¬ 
tional  uncertainties  associated  with  the  currently  most  significant 
reserves,  those  of  the  Middle  East. 

A  number  of  approaches  to  incorporating  risk  into  the  analyti¬ 
cal  framework  of  cost  benefit  analysis  have  been  put  forward.  These 
approaches  include  arbitrary  limitation  of  a  projects 's  life,  use  of 
conservative  estimates  of  net  benefits,  adding  a  risk  premium  to  the 
discount  rate,  and  establishing  probability  distributions  for  uncertain 
variables  to  explicitly  portray  the  problem  for  the  decision  maker.  The 
first  two  approaches,  limited  payback  periods  and  conservative  esti¬ 
mates,  share  a  common  failure.  They  characterize  the  risk  element  in  a 
specific  way  which  may  not  be  the  way  risk  affects  any  individual 
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project.  For  example,  limiting  the  payback  period  implies  that  returns 
are  certain  up  to  the  arbitrary  cut-off  period  whereas  in  fact,  the  risk 
may  be  actually  concentrated  in  the  potential  variablibity  of  returns 
during  the  payback  period. ^  Other  problems  are  discussed  in  the 
noted  reference,  but  in  general  they  arise  from  failure  of  the  methods 
to  utilize  all  available  information. 

Before  discussing  the  last  two  approaches  to  risk  in  project 
evaluation,  it  wall  be  useful  to  consider  the  manner  by  which  it  is 
handled  for  general  economic  activity.  The  market  allows  for  risk  by 
requiring  higher  average  rates  of  prospective  return  as  compensation  for 
higher  risk  levels.  This  relation  is  illustrated  in  Figure  2.3,  which 
illustrates  hew  increasing  risks  attached  to  a  particular  investment 
will  be  associated  whth  increases  in  the  required  rate  of  return  deman¬ 
ded  by  lenders.  This  relation  has  been  established  from  market  data  by 
comparing  returns  frem  different  classes  of  securities.  Defining  risk 
as  potential  variability  of  return,  short-term  treasury  bills  may  be 
taken  as  a  risk-free  investment,  since  there  is  little  chance  of  varia¬ 
tion  in  return  and  virtually  no  chance  of  default.  The  risk  premium 
required  for  other  types  of  investments  is  therefore  approximately 

revealed  by  the  difference  between  their  achieved  returns  and  the  return 

44 

to  treasury  bills. 

This  implies  that  if  we  use  a  market  rate  of  interest  to 
discount  future  values  of  projects,  we  have  included  seme  allowance  for 
risk.  The  risk  premium  in  the  particular  rate  chosen  may  or  my  not 
correctly  reflect  the  level  of  risk  in  the  particular  project  being 
evaluated . 

A  general  procedure  suggested  by  this,  that  is,  to  incorporate 
some  risk  factor  in  the  discount  rate,  is  the  most  common  approach  to 
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Figure2,3  -  The  Relation  Between  Risk  and  Required  Return  in  the  Market 
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handling  risk  in  cost  benefit  analysis.  Although  we  used  this  approach 

(among  others)  there  are  seme  conceptual  limitations  to  the  procedure 

that  should  be  recognized.  First,  it  implies  that  the  level  of  risk  is 

compounded  over  time  which  is  unlikely  to  be  the  case.  In  our  formula 

for  PVg  for  instance,  it  seems  we  are  correcting  for  a  tendency  to 

over-estimate  the  benefits  by  larger  and  larger  amounts  as  time  goes  on. 

In  actual  cases  future  net  benefits  sometimes  turn  out  less  and 

sometimes  greater  than  forecasted.  The  problem  is  one  of  variability  in 
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returns  not  consistent  and  growing  over -estimation.  This  would 

seem  particularly  applicable  to  enhanced  recovery  projects.  Another 
problem  is  that  risk  adjusted  discount  rates  penalize  long-term  ever 
short-term  projects,  when  in  fact  the  risk  element  by  itself  may  be  the 
same  in  both.  This  is  also  particularly  relevant  to  enhanced  recovery 
activities  which  may  extend  over  periods  up  to  twenty  years  or  more. 

The  final  approach  to  handling  risk  analytically  is  the 
'probability  distribution'  approach.  This  involves  assigning  probabil¬ 
ities  to  various  values  of  the  uncertain  variables  and  combining  the 
variables  in  such  a  way  as  to  produce  a  range  of  possible  outcomes  with 
associated  probabilities.  The  classical  statistical  approach  to  this 
uses  probabilities  that  are  based  on  observable  frequency  distributions, 
which  allows  recourse  to  statistical  concepts  such  as  the  'law  of  large 
numbers'  .  This  assumes  we  are  dealing  with  repetitive  events  which, 
given  a  large  enough  number  of  trials,  allows  us  to  objectively  define 
probability  in  terms  of  observed  relative  frequencies.  That  model  may 
not  apply  in  seme  situations  and,  in  others,  information  deficiencies 
may  preclude  its  use.  This  would  seam  to  be  the  case  with  enhanced 
recovery  projects,  since  there  is  very  little  past  experience  to  draw 
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on.  In  such  cases,  the  use  of  subjective  probabilities  has  gained 

considerable  acceptance.  They  are  based  on  expert  opinion  supplemented 

by  whatever  information  may  be  available.  Subjective  probabilities  may 

be  manipulated  mathematically  in  the  same  way  as  objective  probabilities 

which  is  quite  important  since  it  allows  determination  of  single -valued 
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estimates  - -expected  values. 

Risk  considerations  extend  beyond  the  individual  project  and 

should  be  considered  from  the  viewpoint  of  the  firm  as  a  whole  and  of 

society.  Total  risk  for  the  firm  may  be  reduced  through  diversification 

which  might  provide  same  incentive  for  firms  to  engage  in  enhanced 

recovery  projects  depending  on  the  risk  characteristics  of  their  vhole 

spectrum  of  projects.  From  the  social  point  of  view,  public  project 

risks  are  spread  over  large  numbers  of  individuals  through  the  taxation 

process.  Ihe  risk  element  to  any  individual  is  negligible  implying  that 

social  evaluations  should  use  a  risk-free  rate.^  Wilson  points  out 

that  a  relevant  consideration  is  the  degree  of  correlation  of  project 

success  with  national  income.  Projects  likely  to  pay  off  when  national 
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income  is  low  should  be  allowed  same  risk  reduction. 

These  considerations  are  necessary  to  an  understanding  of  the 
limitations  of  the  manner  in  which  risk  has  been  incorporated  in  our 
analysis.  Ihe  probabilistic  approach  described  above  has  not  been 
sufficiently  refined  to  allcw  unambiguous  application  in  practice.  If 
our  knowledge  of  the  probability  distributions  of  various  key  parameters 
used  in  our  study  (such  as  residual  saturation  after  waterflood,  residu¬ 
al  saturation  after  tertiary  methods,  and  sweep  efficiencies,  all  of 
which  determine  the  recovery  fraction  we  expect)  was  reliable  we  might 
use  a  Monte  Carlo  approach.  This  however  would  require  several  hundred 

computer  runs  per  project  analysis  carried  out  for  close  to  1000  pro¬ 
jects  and  the  cost  would  be  prohibitive. 
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Instead  we  have  used  more  approximate  methods  in  an  attempt  to 
make  reasonable  allowance  for  this  most  difficult  to  quantify  notion, 
risk. 

The  basic  element  in  our  approach  involves  incorporation  of  a 
risk  premium  in  the  discount  rate.  The  size  of  such  a  premium  would 
presumably  vary  by  project  and  is  essentially  a  matter  of  subjective 
judgement,  there  being  as  yet  no  accepted  means  by  which  it  can  be 
determined.  Our  approach,  which  selected  a  discount  rate  that  is  close¬ 
ly  related  to  the  historical  return  on  capital,  hopefully  captured  some 
average  premium  that  had  been  incorporated  in  past  projects.  As 
discussed  in  Section  2.2.3,  we  decided  to  explicitly  reduce  this 
(unkncwn)  premium  by  seme  (subjectively  determined)  amount,  2  percent, 
in  order  to  make  allcwance  for  the  other  ways  in  which  risk  was  explic- 
ity  considered. 

The  first  of  these  other  ways  was  an  allcwance  for  the  possibil¬ 
ity  of  failure  at  the  pilot  stage.  The  evaluation  is  discussed  in 
detail  during  the  development  of  the  model,  Section  4.6.2  below.  The 
result  of  the  evaluation  is  that  2.2  percent  of  estimated  capital  costs 
are  included  in  the  estimate  of  general  and  administrative  costs  for 
each  project,  as  an  explicit  allcwance  against  the  probability  of  pilot 
failure. 

The  second  subsidiary  risk  element  is  incorporated  in  the  tech¬ 
nical  estimation  of  incremental  recovery.  The  estimate  of  recoverable 
oil,  discussed  in  Section  4.3,  is  reduced  in  every  case  by  8  percent  to 
allow  for  the  possibility  of  less  than  100  percent  success  in  actual 
recovery  operations.  Cn  an  aggregate  basis  this  amounts  to  a  200 
million  barrel  allcwance.  In  other  words,  our  estimate  of  2.4 
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billion  barrels  recoverable  in  Alberta  would  have  been  2.6  billion 
barrels  had  this  allowance  not  been  incorporate  in  the  models. 

A  rather  approximate  indication  of  the  importance  of  these  two 
measures  was  obtained  by  adjusting  aggregate  revenues  and  costs  and 
calculating  new  internal  rates  of  return  which  could  be  compared  to  the 
base  case  rate  of  return.  First  we  reduced  capital  costs  by  2.2  percent 
to  eliminate  our  previous  allowance  for  the  risk  of  failure  of  pilot 
projects.  The  result  was  an  increase  in  the  (before  tax)  rate  of  return 
from  28.71  percent  to  29.05  percent.  Then  we  increased  total  revenue  in 
each  year  by  8  percent  to  eliminate  the  allowance  for  error  in  the  tech¬ 
nical  estimation  of  recovery.  Matching  this  new  revenue  stream  with  the 
base  case  stream  of  costs  yielded  an  internal  rate  of  return  of  33 . 35 
percent.  Incorporating  both  of  these  changes  to  the  revenue  and  cost 
stream  resulted  in  a  rate  of  return  of  33.72  percent,  or  approximately  a 
5  percent  increase  over  the  case  where  the  specific  allowances  for  risk 
were  incorporated. 

This  is  only  a  rough  aproximation  of  the  impact  our  subsidiary 
measures  may  have  had  on  the  'risk'  component  of  the  discount  rate 
because  it  involved  the  same  set  of  reservoirs  as  emerged  in  the  base 
case.  In  practice  the  increased  revenue  would  bring  on  stream  a  number 
of  previously  marginal  (i.e.  high  cost)  reservoirs  and  the  resulting 
incr orient  in  the  rate  of  return  would  be  somewhat  smaller  than  5 
percent.  We  therefore  felt  that  reducing  the  historical  rate  of  return 
by  a  conservative  2  percent  was  appropriate. 

Finally,  we  also  carried  out  a  more  standard  sensitivity  analy¬ 
sis  to  demonstrate  how  our  results  would  vary  with  changes  in  key  para¬ 
meters.  The  results  have  been  incorporated  as  an  estimate  of  the  range 
of  uncertainty  in  the  presentation  of  results  in  Appendix  E. 
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These  four  types  of  rates  are  not  as  independent  as  Exhi¬ 
bit  2.1  might  suggest  since  opportunity  cost  depends  on  time  prefer¬ 
ence.  However,  we  assume  sane  literary  license  in  order  to  make  the 
essential  points  without  needless  complication. 


■^There  is  another  source  of  difference  between  the  social 
and  private  opportunity  cost  of  investment.  This  arises  fran  the  ef¬ 
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cial  viewpoint.  However,  this  distinction  depends  on  inperfect  factor 
markets  and  will  not  be  developed  here.  See  N.S.  Feldstein, "The  Social 
Preference  Discount  Rate  in  Cost-Benefit  Analysis,"  The  Economic  Jour¬ 
nal,  74  (1964),  p.  364. 


12W.  J.  Baumol,  "On  the  Social  Rate  of  Discount,"  American 
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supported  by  Ramsey,  Sandeno,  and  Dreze  who  suggest  that  the  actual 
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the  resources  taken  frcm  consumption  and  those  taken  fran  investment, 
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and  the  interest  derivative  of  investment  which  wculd  have  to  be  esti¬ 
mated  arpirically.  All  of  these  formulations  are  based  on  complicated 
second  best  analyses,  which  makes  them  difficult  to  apply  in  a  practi¬ 
cal  situtation .  See  Dan  Usher  and  David  Ramsey '  s  carment  on  Baumol '  s 
original  article  in  the  American  Economic  Review,  59  (December  1969)  . 
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raising  funds  via  one  financing  approach  may  cause  the  costs  of  other 
funds  to  rise  and  this  effect  should  be  included  in  addition  to  the 
market  rate.  Furthermore,  the  practical  matter  in  the  real  world  as  to 
which  of  several  possible  market  rates  to  use  must  be  addressed.  While 
these  questions  of  application  are  not  unimportant,  the  conceptual 
framework  seams  to  be  correct. 
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The  inadequacy  of  GNP  as  a  measure  of  social  welfare  is, 
hcwever ,  widely  accepted  even  in  introductory  economics  textbooks.  But 
it  does  have  seme  usefulness  in  that  one  can  say  something  about 

whether  changes  in  GTP  are  good  or  bad  according  to  whether  or  not 
benefits  of  the  change  exceed  costs,  where  costs  are  defined  to  include 
all  social  and  environmental  effects. 
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Ezra  So  lemon  and  John  J.  Pringle,  An  Introduction  to 

Financial  Management,  (Santa  Monica,  Goodyear,  1977),  p.  256. 

32 

E.  J.  Mishan  provides  a  procedure  in  which  projects 

differing  in  one  or  more  of  these  aspects  can  be  made  comparable  for 

evaluation  purposes.  See  E.  J.  Mishan,  Cost  Benefit  Analysis,  (bonbon, 
Allen  and  Unwin,  1975),  chaps.  6  to  8. 
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in  fact  more  solutions  are  possible.  According  to 
Descartes  rule  of  signs,  the  number  of  solutions  is  at  most  equal  to 
the  number  of  reversals  of  sign  in  the  cash  flew  stream.  It  is  also 
possible  that  a  project  has  no  solutions,  which  would  occur  if  the 
equation  had  only  imaginary  roots. 
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Ezra  Solomon  and  John  J.  Pringle,  An  Introduction  to 
Financial  Management,  p.  269.  The  possibility  was  first  noted  by  James 

H.  Lorie  and  Leonard  J.  Savage  in  "Three  Problems  in  Rationing 
Capital,"  Journal  of  Business,  28  (October  1955),  pp.  220-223. 
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This  assumes  an  economy  not  engaging  in  foreign  trade 
which  is  a  reasonable  assumption  for  purposes  of  the  point  being  made. 
Actual  project  evaluations  where  the  project  involves  inports  or 
exports  would  have  to  incorporate  any  differences  in  general  inflation 
between  trading  countries. 

^A*  P.  H.  Van  Meurs,  "Energy  Pricing  Trends  Uhtil  1990," 
comments  at  the  Conference  on  Energy  Conservation,  Energy  Conservation 
Makes  Dollars  and  Sense,  (Toronto  1977),  Canadian  Pulp  and  Paper 
Association. 
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The  continuing  perversity  of  American  energy  policy 

reinforces  this  belief.  See  Edward  W.  Erickson  and  Leonard  Waverman, 
editors ,  The  Energy  Question:  An  International  Failure  of  Policy,  vol . 

I,  Introduction,  for  same  thoughts  on  the  influence  of  policy  decisions 
on  the  energy  stituation. 
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J  H*  Hotelling,  "The  Economics  of  Exhaustible  Resources." 

■^A*  P.  H.  Van  Meurs,  "Energy  Pricing  Trends  Until  1990." 

^The  procedure  is  suggested  by  G.  C.  Benelli,  "Forecasting 
Profitability  of  Oil -exploration  Projects,"  Bull.  Association  Petroleum 
Geologists,  51  (11),  2228-2245. 

^  Risk  and  uncertainty  have  been  distinguished  but  this 
distinction  adds  little  to  our  discussion  and  has  been  ignored.  See  F. 
H.  Knight,  Risk,  Uncertainty  and  Profit,  New  York,  1921. 
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p.  C.  Essley,  "What  is  Reservoir  Engineering?"  Journal  of 
Petroleum  Technology,  January  1965,  pp.  20-21,  quoted  in  M.  A.  Adelman, 
The  World  Petroleum  Market,  (RET  1972),  p.  55. 
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Weingartner  defends  the  payback  period  approach  in  cases 

where  project  life  is  the  most  significant  source  of  uncertainty.  H. 
H.  Weingartner,  "Seme  New  Thoughts  on  the  Payback  Period  and  Capital 
Budgeting  Decisions,"  in  Byrne,  et  al  eds.  Studies  in  Budgeting , 
(Amsterdam:  North  Holland,  1971).  However,  Brcmwich  points  out  that 
even  here  risk  reduction  depends  on  how  the  funds  returned  by  any  pro¬ 
ject  are  used.  For  discussion  of  these  issues  see  Michael  Brcmwich, 
The  Economics  of  Capital  Budgeting,  (Middlesex,  Pengiun,  1976),  chap. 
12. 


I.  Friend  and  M.  Blume,  "The  Demand  for  Risky  Assets," 
American  Econcmic  Review,  December  1975.  R.  Ibbotsen  and  R.  Senque - 
field,  "Stocks,  Bonds,  Bills  and  Inflation:  Year -by -Year  Historical 
Returns  1926-1974,"  Journal  of  Business,  January  1976.  G.  David  Quirin 
and  Basil  A.  Kalyman,  "The  Financial  Position  of  the  Petroleum  Indus¬ 
try,"  Campbell  Watkins  and  Michael  Walker  eds.  Oil  in  the  Seventies, 
(Vancouver,  The  Fraser  Institute,  1977). 
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An  exception  to  this  is  discussed  in  A  jit  K.  Easgupta  and 

D.  W.  Pearce,  Cost-Benefit  Analysis,  (London,  MacMillan  1972),  p.  195. 

This  occurs  when  the  only  risk  is  that  the  project  may  fail  at  any 

time. 
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The  statement  is  somewhat  strong  since  there  is  some  con¬ 
troversy  on  this  point.  See  H.  E.  Kyburg,  Jr.,  and  H.  E.  Saokler  eds. 
Studies  in  Subjective  Probability,  1964.  A  brief  discussion  also  ap¬ 
pears  in  Easgupta  and  Pearce,  pp.  180-185. 
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K.  J.  Arrow  and  R.  Lind,  "Uncertainty  and  the  Evaluation 
of  Public  Investment  Decisions,"  American  Economic  Review,  60  (June 
1970),  pp.  364-378. 
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Robert  Wilson,  Risk  Measurement  of  Public  Projects,  Tech¬ 
nical  Report  No.  240,  (California  Institute  for  Nbthematical  Studies  in 
Social  Sciences,  1977). 


CHAPTER  3 


RESERVOIR  DESCRIPTION,  ENGINEERING,  AND  FLNEAME3S3TALS 
OF  ENHANCED  RECOVERY  PROCESSES 


3 . 1  Introduction 

A  typical  reservoir  is  shown  in  Figure  3 . 11  It  is  bounded 
above  and  belcw  by  impervious  rock  whereas  the  reservoir  rock  is  porous 
and  over  many  years,  oil,  water,  and  gas  have  accumulated  in  the  porous 
reservoir  layer.  Porosity  is  the  percentage  of  void  or  empty  space  in 
a  rock  formation  and  it  depends  on  the  shape  and  arrangement  of  the 
rock  grains.  Grain  size  is  not  important  but  variation  in  size  is. 
Porosities  can  range  from  0  (granite)  to  48  (sane  sandstones),  these 
percentages  being  a  measure  of  the  storage  capacity  of  a  particular 
volume  of  rock.  The  pore  spaces  may  be  connected  or  isolated  but  only 
the  first  case  will  allcw  fluid  flow  and  is  therefore  referred  to  as 
'effective  porosity' . 

The  ease  with  which  a  fluid  can  move  through  interconnected 
pore  spaces  is  called  permeability.  It  depends  on  the  size  of  the 
pores  and  the  amount  of  cementing  material  between  the  grains .  It 
would  seen  logical  that  the  larger  the  porosity  the  larger  would  be  the 
permeability  and  this  is  often,  but  not  always,  the  case.  Many  porous 
rocks  such  as  clay  and  shale  have  no  permeability  at  all. 

The  distribution  of  the  fluid  within  the  reservoir  is  determin¬ 
ed  by  wettability  characteristics  of  the  rock -fluid  canbination  and  by 

2 

capillary  pressures.  Wettability  has  to  do  with  the  tendency  of 
particles  to  cling  together  and  may  be  recalled  frcm  high  school  exper¬ 
imentation  with  glass  rods  placed  alternately  in  water  and  mercury 
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Figure  3.1  -  An  Oil  Reservoir. 
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solutions.  Water  adheres  to  the  rod  whereas  mercury  does  not.  Like¬ 
wise,  in  many  reservoirs  the  rock  'prefers'  to  be  wetted  by  water 
(water  wet  reservoirs)  whereas  in  others  the  preference  is  for  oil  (oil 
wet  reservoirs)  .  This  will  affect  the  manner  in  vhich  the  oil  is  dis¬ 
placed  in  production  and  the  problems  which  cause  sane  of  the  oil  to  be 
left  behind. 

Capillary  attraction  may  also  be  recalled  as  the  cause  of  water 

.  .  .  .  .  .  3 

rising  in  a  capillary  tube  placed  in  a  container  of  water.  The  water 

surface  is  also  convex  due  to  surface  tension,  the  energy  required  to 

maintain  the  interface  between  the  air  and  the  water.  In  a  case  where 

contact  is  between  two  liquids,  we  use  the  term  inter  facial  tension 

instead  of  surface  tension.  So  in  a  pore  filled  with  oil  and  water 

there  is  sane  capillary  pressure  caused  by  this  interfacial  tension 

which  must  somehow  be  overcome  if  we  are  to  move  the  drops  of  oil  out 

of  the  pore  spaces.  The  effect  of  these  things  on  the  distribution  of 

the  fluid  in  the  reservoir  may  be  imagined  by  considering  a  bottle  with 

water  in  a  layer  at  the  bottom,  oil  in  the  next  layer  and  gas  in  the 
4 

top  layer.  If  we  new  fill  the  bottle  with  sand,  shake  it  up  and  let 
it  settle,  we  would  be  creating  capillary  spaces  just  as  they  exist  in 
a  reservoir  and  the  tension  and  density  differences  would  cause  an 
uneven  distribution  to  develop,  though  the  general  layering  effect 
would  reappear.  Near  the  botton  of  the  bottle,  the  pore  spaces  would 
be  filled  with  100  percent  water  but  this  percentage  would  decline  as 
we  went  up  toward  the  oil  zone  until  finally  we  would  reach  sane  point 
at  which  there  was  minimum  water  saturation  caused  by  the  water  forming 
a  thin  film  around  each  grain  of  sand.  This  is  called  'interstitial' 
or  'connate'  water  and  the  range  over  which  we  move  fron  100  percent 


water  to  the  irreducible  minimum  amount  of  water  is  called  the 
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transition  zone  (water -oil  contact)  There  is  a  similar  transition 
zone  between  oil  and  gas  (gas -oil  contact). 

Now  imagine  holding  the  sand  in  place  and  trying  to  poui  out 
fluids.  One  can  imagine  they  will  not  pour  very  well,  primarily 
becausg  of  the  capillary  pressure.  But  the  pour  rate  or  flow  rate  will 
also  depend  on  characteristics  of  the  fluids,  mainly  the  gravity  and 
viscosity.  Gravity  is  a  measure  of  density  of  the  fluid  and  viscosity 
is  a  fluid  property  which  determines  how  easily  a  fluid  flews .  The 
higher  the  viscosity  the  lewer  is  the  flew  rate  (honey  has  a  higher 
viscosity  than  water) .  Since  the  precise  composition  of  oil  differs  in 
different  areas  both  viscosity  and  gravity  differ  as  well. 

Oil  flew  results  from  a  complex  interaction  of  a  number  of 
forces:  fluid  and  rock  expansion,  gravity  drainage,  capillary  expul- 
sion  and  fluid  displacement.  Oil,  water  and  even  rock  are  slightly 
compressible  and,  given  the  depth  and  area  over  which  they  occur  rela¬ 
tive  to  a  reservoir,  the  expansion  force  is  not  insignificant.  Capil¬ 
lary  forces  are  activated  when  a  well  is  drilled  setting  15)  a  pressure 
differential  in  the  reservoir.  The  fluids  flew  toward  the  lew  pressure 
area  around  the  well  bore  (the  pressure  sink)  in  an  attempt  to  regain 
an  equilibrium.  The  pressure  drop  also  allows  the  expansion  of  gas 
which  may  be  either  dissolved  in  the  oil  or  trapped  as  a  cap  above  the 
oil.  This  gas  'displaces'  the  oil  toward  the  well  bore.  This  dis¬ 
placement  effect  also  occurs,  with  even  greater  effectiveness,  when 
water  frem  an  adjacent  water  leg  (aquifer)  expands  into  the  oil  zone. 
One  or  all  of  the  mechanisms  may  be  operating  in  any  reservoir,  but 
usually  one  predominates.  Reservoirs  are,  therefore,  categorized  as  to 
their  principal  drive  mechanisms  v\hich  may  be  'dissolved  gas  drive', 

' gas  cap  drive ’ ,  or  ' water  drive ' . 
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3.1.1  Dissolved  Gas  Drive 
(Depletion  Drive) 

Oil  is  composed  of  hundred  of  hydrocarbons,  light,  medium  and 
heavy.  The  light  hydrocarbons  normally  exist  in  the  gaseous  phase,  but 
under  sufficient  pressure  they  will  remain  in  liquid  solution  with  the 
heavier  hydrocarbons.  When  production  begins,  the  pressure  drops  and 
the  gas  is  liberated  frcm  solution  thereupon  it  expands  in  volume  con¬ 
siderably  and  assists  in  displacing  the  remaining  liquid  toward  the 
well  bore.  The  pressure  drop  continues  as  production  proceeds  and 
eventually  the  energy  available  frcm  the  expanding  gas  is  depleted  to 
the  point  where  it  will  not  assist  the  oil  to  the  surface  and  seme 
artificial  lift  mechanism  (pump)  is  required.  Eventually  the  energy  is 
depleted  to  the  point  where  it  will  not  even  cause  fluid  flew  within 
the  reservoir.  This  usually  happens  relatively  quickly  vhich  means 
there  is  a  lew  recovery  at  the  primary  stage  of  production  (5  to  25 
percent) .  These  lew  productivity  reservoirs  are  good  candidates  for 
enhanced  recovery  techniques  since  they  usually  have  a  high  percentage 
of  oil  left  in  place. 

3.1.2  Gas  Cap  Drive 

Although  oil  will  accept  infinite  amounts  of  gas  in  solution  if 
the  temperature  and  pressure  are  adequate,  seme  reservoirs  are  found  to 
have  free  gas  vhich  has  collected  in  the  porous  medium  above  the  oil. 
The  pressure  is  insufficient  to  hold  all  the  lights  in  solution.  In 
this  case,  further  reduction  in  pressure  caused  by  a  producing  v^ell  has 
two  consequences:  it  allows  the  gas  cap  to  expand  displacing  the  oil 
toward  the  well,  and  it  allows  more  gas  to  ccme  out  of  solution  provid¬ 
ing  further  impetus  to  the  transportation  process .  Because  of  the  gas 
cap  expansion,  the  pressure  decline  in  the  reservoir  occurs  more  slcwly 
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than  it  does  in  the  case  of  dissolved  gas  drive  vhich  means  that  ulti¬ 
mate  recovery  is  often  quite  a  bit  higher  (20  to  40  percent)  .  This,  of 
course,  depends  on  a  number  of  factors.  The  size  of  the  gas  cap  is 
probably  the  most  important  but  the  effectiveness  of  the  other  forces 
which  may  be  operating,  such  as  gravity  drainage  or  capillary  action, 
may  be  significant  in  individual  cases. 

3.1.3  Water  Drive 

The  most  productive  reservoirs,  at  the  primary  stage  of  produc¬ 
tion,  are  those  in  which  the  principal  transporting  force  is  displace¬ 
ment  by  water  from  an  adjoining  water  source  (aquifer) .  As  hydrocar¬ 
bons  are  extracted  through  production,  displacement  is  effected  by 
expansion  of  the  water,  compression  of  the  aquifer  rock,  and  artesian 
flew  if  the  aquifer  level  happens  to  be  above  the  oil. 

This  process  involves  a  decline  in  pressure  similar  to  the 
depletion  gas  drive  case  vhen  the  adjoining  aquifer  is  not  large  rela¬ 
tive  to  the  reservoir  and  is  not  being  replenished  by  surface  water. 
But  in  many  cases  the  aquifer  is  very  much  larger  than  the  reservoir, 
or  it  outcrops  in  some  area  allowing  it  to  be  constantly  replenished. 
Then  reservoir  energy  lasts  much  longer.  Even  in  this  case,  however, 
seme  pressure  decline  will  occur  since  the  displacing  water  must  travel 
from  further  and  further  away  as  production  proceeds.  But  this  can  be 
mitigated  by  avoiding  excessive  production  rates  and  the  result  is  in 
general  that  recovery  from  this  type  of  reservoir  is  higher  than  for 
gas  cap  or  dissolved  gas  drive  reservoirs. 

3.1.4  Combination  Drive 


Usually  reservoirs  are  driven  by  a  combination  of  the  above 
forces  which  makes  the  optimal  production  procedure  quite  complicated. 
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3.2  Problems  of  Production 

The  production  problems  faced  by  a  reservoir  engineer  are 
varied  and  complex.  Our  discussion  will  be  limited  to  those  that  are 
significant  to  enhanced  recovery.  These  have  to  do  with  pressure,  pro¬ 
duction  of  water  and  production  of  gas. 

Most  of  the  pressure  drop  in  a  reservoir  occurs  quite  close  to 
the  well  bore  (within  fifteen  feet)  and  so  the  area  around  the  well 
bore  is  referred  to  as  a  pressure  sink.  The  naturally  lower  pressure 
around  the  well  bore  may  be  reduced  even  further  by  damage  to  the  perm¬ 
eability  of  the  medium  around  the  well  bore  caused  by  drilling.  The 
potential  significance  of  this  is  illustrated  by  a  ccmparison  of  pro¬ 
duction  rates  with  and  without  a  damaged  zone  around  the  well.  Fbr  a 
fairly  standard  set  of  parameters,  damage  reducing  permeability  (for  a 
five  foot  radius  around  a  well)  frcm  150  millidarcies  to  15  millidar- 

cies  results  in  a  drop  in  production  frcm  126  barrels  per  day  to  32 

7  .  . 

barrels  per  day.  The  condition  can  usually  be  treated  if  its  cause 
can  be  diagnosed,  but  since  there  are  several  possible  causes,  treat¬ 
ment  is  sometimes  a  trial  and  error  process.  The  use  of  injected  acids 
or  hydraulic  fracturing  are  fairly  ccrrmon  solutions  and  are  sometimes 
also  used  to  increase  permeability  in  areas  vhere  it  is  naturally  lew. 

The  other  major  problem  involves  the  production  of  unwanted 
materials  such  as  water  and  gas.  This  occurs  when  these  displacing 
materials  break  through  the  bank  of  oil  they  are  displacing  ( just  as 
your  finger  might  break  through  a  ball  of  jelly  it  was  pushing)  or  when 
the  pressure  drop  around  the  well  bore  pulls  the  gas  in  the  cap  dewn  to 
the  ccmpleted  area  of  the  well  or  pulls  the  water  up  toward  the  ccm- 
pleted  area.  This  latter  effect  is  referred  to  as  'coning'.  The 
former  effect  is  called  'fingering'  and  is  due  to  differing  permeabili- 
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ties  in  the  various  strata  and  differing  viscosities  of  displacing 
versus  displaced  fluid.  Both  the  oil  and  the  displacing  fluid  travel 
more  quickly  through  the  strata  of  high  permeability  and  breakthrough 
at  the  well  bore  may  occur  well  before  the  oil  has  proceeded  very  far 
along  the  other  strata.  Or  the  higher  viscosity  oil  may  prefer  to 
absorb  to  the  rock  surface  allowing  the  water  to  move  ahead.  Once  this 
occurs,  a  path  has  been  broken,  so  to  speak,  which  the  remaining  dis¬ 
placing  fluid  will  prefer  to  follow.  The  ratio  in  production  of  dis¬ 
placing  fluid  or  gas  to  oil  may  become  so  great  as  to  make  further  pro¬ 
duction  uneconomic  because  of  separation  or  disposal  costs .  Or  the 
displacing  fluid  may  bypass  entire  segments  of  oil  bearing  rock. 

3.3  Economic  Problems  of  Production 

3.3.1  Oil  -  A  Fugitive  Resource 

A  production  problem  that  has  received  much  attention  in  the 
economic  literature  occurs  vhen  oil  reservoirs  extend  over  two  or  more 
surface  leases.  This  is  sometimes  exacerbated  by  the  checkerboard 
fashion  in  which  leases  are  commonly  distributed  in  Alberta.  When  a 
reservoir  is  developed  by  two  or  more  different  operators  there  is  a 
strong  incentive  for  production  rates  to  be  as  high  as  possible  since 
ownership  of  the  oil  is  only  established  by  capturing  it  through  pro¬ 
duction  . 

It  was  once  widely  held  that  production  rates  could  be  so  high 
that  ultimate  recovery  would  be  adversely  affected  because  of  pressure 
losses.  This  problem  is  not  emphasized  today  since  many  engineers  feel 
ultimate  recovery  is  independent  of  production  rate  at  the  primary 
stage  of  development.  However,  this  opinion  is  not  universally  accept¬ 
ed  and  rates  may  be  important  in  certain  cases  such  as  high  relief 
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reservoirs  where  gravity  drainage  is  an  important  part  of  the  drive 
process.  The  problem  is  important  from  the  economic  viewpoint, 
however,  since  the  incentive  toward  higher  rates  may  result  in  a  higher 
than  optimum  density  of  wells  as  operators  compete  to  get  the  oil  out 
of  the  ground. 

Another  problem  occurs  in  secondary  production  when  water - 
flooding  drives  a  bank  of  oil  toward  producing  wells  and  much  oil  could 
be  driven  within  the  influence  of  the  well  of  a  competitor.  This  could 
reduce  the  incentive  to  maximize  recovery.  These  problems  have  led  to 
the  practice  of  voluntary  unitization  of  reservoirs,  vherein  the  devel¬ 
opment  is  operated  for  optimal  recovery  and  the  oil  is  divided  among 
the  operators  based  on  the  proportion  of  the  surface  area  they  con- 
trol.  thitization  could  be  compulsory  according  to  conservation 
regulations  in  Alberta,  but  it  has  never  been  necessary  to  impose  such 
an  agreement. 

3.3.2  Production  Rates 

The  problem  of  production  rates  versus  ultimate  recovey  is 
critical  to  EOR  evaluation  since,  other  things  equal,  the  present  value 
of  the  revenue  stream  is  increased  when  production  is  shifted  towards 
the  present.  If  high  production  rates  reduce  ultimate  recovery,  this 
trade-off  must  be  resolved  even  in  one-cwner  fields.  As  discussed  in 
the  previous  section,  the  problem  is  only  occasionally  relevant  in 
primary  production  and,  as  it  turns  out,  the  evidence  indicates  a  simi¬ 
lar  situation  exists  in  enhanced  recovery  operations.  Waterflooding 

rates  have  been  shown  not  to  affect  recovery  at  the  economic  limit,  the 

9 

point  at  which  production  is  no  longer  economic . 
In  the  case  of  surfactant  floods,  higher  production  rates  actually 
increase  ultimate  recovery  because  of  the  mechanisms  involved.  But  the 
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solvent  flood  case  does  have  rate  dependent  characteristics.  The 
effect  of  production  rates  on  recovery  are  discussed  in  more  detail 
under  each  process. 

3 . 4  Enhanced  Recovery 

We  are  now  in  a  position  to  consider  the  production  process  of 
direct  interest  to  this  study,  that  of  enhanced  recovery.  The  partic¬ 
ular  process  varies  according  to  the  characteristics  of  the  particular 
reservoir  under  consideration.  That  is,  each  reservoir  must  be  consid¬ 
ered  as  a  unique  case.  Sane  grouping  is  possible  according  to  which 
general  approach  to  enhanced  recovery  is  adopted.  But  first  sane  term¬ 
inological  matters  must  be  clarified.  There  is  general  agreement  that 
'primary  production'  refers  to  production  utilizing  the  natural  reser¬ 
voir  energy.  That  is,  the  pressure  differential  is  sufficient  to  cause 
oil  to  flew  to  the  wellhead  and  to  the  surface.  Even  if  pumping  is 
required  to  bring  it  to  the  surface  it  is  considered  as  primary  produc¬ 
tion. 

Terminology  for  other  stages  of  production  is  not  universally 
accepted.  The  broadest  definition  of  'Enhanced  Recovery'  includes  any 
oil  production  via  artificial  supplementation  of  natural  reservoir 
energy.10  Traditionally,  however,  the  terms,  secondary  and  ter¬ 
tiary  recovery,  have  been  widely  used.  'Secondary  recovery'  normally 
refers  to  the  injection  of  gas  or  water  into  a  reservoir  to  either 
maintain  the  pressure  or  to  act  as  an  external  displacing  agent.  The 
term  came  into  general  use  because  such  operations  invariably  were  the 
second  stage  of  field  development.  The  term,  'tertiary  recovery',  was 
quite  naturally  adopted  to  refer  to  methods  that  might  be  applied  at 
the  third  stage  (after  gas  or  waterflood)  to  dislodge  and  produce  yet 
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further  quantities  of  oil.  These  terras  are  now  inadequate  descriptors 
since  the  'timing'  aspect  depends  on  the  particular  case.  A  so-called 
tertiary  process  may  well  be  initiated  at  the  primary  stage  of  produc¬ 
tion  in  an  optimal  situation.  Because  of  the  unfamiliarity  of  sane  of 
the  tertiary  processes  (i.e.,  chemical  injection,  steamflooding,  fire 
flooding,  etc.)  the  term  'exotic'  gained  sane  acceptance  for  a  while. 
But  as  the  processes  became  more  familiar,  this  term  also  became  some¬ 
what  unsatisfactory  and  is  falling  from  general  use.  For  example, 
steam  stimulation  is  so  widely  practiced  in  California  that  it  is  con¬ 
sidered  as  a  standard  production  process  and  in  one  major  estimation  of 
enhanced  recovery  potential  in  the  U. S. ,  steam  stimulation  was  not  even 
considered,  being  judged  a  secondary  technique.  In  this  report  we 
follow  the  National  Petroleun  Council  in  defining  enhanced  recovery  as 

...the  additional  recovery  of  oil  fron  a  petroleun  reservoir 
over  that  which  can  be  economical ly  recovered  by  conventional 
primary  and  secondary  methods. 

We  also  use  the  term  'tertiary  recovery'  since  it  is  still  widely 
accepted  in  industry.  Both  terms  explicitly  exclude  pressure 
maintenance  and  waterflooding  schemes  but  include  all  others.  However 
the  fortunes  of  any  enhanced  recovery  operation  will  be  intimately 
bound  up  with  the  results  of  waterflooding  so  the  discussion  of  the 
various  processes  must  begin  at  this  'secondary'  stage. 

3.4.1  Aspects  of  Waterflooding 

It  is  an  interesting  fact  of  life,  long  used  as  an  example  in 
introducing  students  of  economics  to  value  theory,  that  water,  essen¬ 
tial  to  all  life  forms,  is  nonetheless  relatively  inexpensive. 

The  explanation,  of  course,  lies  in  its  extensive  availability  in 
usable  form.  This  makes  it  a  rather  desirable  input  in  oil  production 
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as  well  and  accounts,  in  part,  for  the  fact  that  waterflooding  is  at 

•  12 
present  an  almost  automatic  second  step  in  reservoir  development. 

Pressure  maintenance  schemes  use  water  injection  in  low  permeability 
reservoirs  to  prevent  pressure  fran  declining  too  far,  thereby  causing 
a  slcwdcwn  in  the  flew  rate  in  the  reservoir.  A  side  benefit  of  main¬ 
taining  pressure  is  that  it  prevents  gas  fran  caning  out  of  solution 
and  this  dissolved  gas  keeps  the  viscosity  of  the  gas -oil  fluid  low. 

Ultimately  the  primary  drive  energy  is  depleted  and  water - 
flooding  is  instituted  as  a  direct  displacement  process  to  continue 
production.  This  is  accomplished  by  drilling  injection  wells  through 
which  water  is  injected  to  the  reservoir  and  travels  toward  producing 
wells.  Oil  and  water  do  not  mix  so  the  injected  water  acts  to  displace 
sane  of  the  remaining  oil  from  the  pores  forming  an  oil  bank  which  is 
pushed  in  front  of  the  invading  water  toward  the  producing  well.  Pro¬ 
duction  will  increase  as  the  oil  bank  enters  the  producing  well  area 
but  eventually  the  displacing  water  will  also  'break  through'  to  the 
producing  well  and  production  will  thereafter  involve  increasing 
amounts  of  water  per  barrel  of  oil  produced.  Eventually  the  costs  of 
lifting  and  disposing  of  the  produced  water  make  further  production 
uneconomic  and  the  well  is  abandoned.  At  what  point  production  becomes 
uneconomic  depends  on  the  costs  of  providing  and  disposing  of  the  water 
and  this  varies  by  location.  In  same  instances  production  ratios  of 
100  barrels  of  water  or  more  per  barrel  of  oil  are  maintained  for  sig¬ 
nificant  periods.  Ihe  follcwing  discussion  of  factors  influencing  the 
effectiveness  of  waterflooding  as  a  recovery  technique  is  intended  as 
an  introduction  to  the  factors  relevant  to  enhanced  oil  recovery 
schemes  in  general. 
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Er  =  EaxEvxEd 

where 

Er  is  recovery  efficiency,  the  proportion  of  oil  in  place  at 
the  beginning  of  the  waterflood  that  is  recovered. 

E^  is  areal  sweep  efficiency,  the  fraction  of  the  reservoir 
area  contacted  by  water. 

Ey  is  vertical  sweep  efficiency,  the  fraction  of  the  verti¬ 
cal  extent  of  the  reservoir  contacted  by  water. 

Ed  is  displacement  efficiency,  the  proportion  of  the  oil  in 
the  contacted  segment  of  the  reservoir  which  is  displaced. 

The  equation  is  generally  applicable  to  all  the  fluid  injection 
methods  of  enhanced  recovery  processes  and  so  a  brief  discussion  of  the 
principal  determinants  of  each  of  the  factors  will  be  helpful. 

Areal  Sweep  Efficiency 

This  is  determined  by  the  well  pattern,  the  injected  volume, 

13 

the  mobility  ratio,  and  other  factors. 

The  mobility  of  a  fluid  in  a  porous  medium  is  a  measure  of  the 
ease  with  which  that  particular  fluid  moves  through  that  particular 
formation.  It  is  defined  as  the  permeability  to  that  fluid  divided  by 
the  fluid  visocisty. 

Permeability 

Mobility  =  - 

Viscosity 

Clearly,  high  viscosity  oil  is  less  mobile  than  lew  viscosity  oil  and 
oil  of  any  viscosity  will  be  more  mobile  the  higher  the  permeability. 

The  term  nobility  'ratio'  refers  to  the  mobility  of  the  dis¬ 
placing  fluid  (usually  water)  divided  by  the  mobility  of  the  displaced 
fluid  (usually  oil). 
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Mobil  ity^ter  Permeabil  ity ^/Viscosity^ 

Mobility  ratio  -  - ; -  -  - 

Mobility  . ^  Permeability  /Viscosity 

A  low  mobility  ratio  (_<1)  is  desirable  to  ensure  that  the  displacing 
fluid  can  effectively  spread  out  in  the  formation  and  gradually  dis¬ 
place  an  oil  bank  toward  the  producing  well.  A  high  mobility  ratio, 
meaning  the  water  is  able  to  move  easier  than  the  oil,  would  probably 
mean  that  the  water  would  bypass  the  oil,  developing  preferred  paths  of 
travel,  thus  reducing  the  area  swept.  One  objective  of  the  polymer 
flood  process,  as  will  be  seen,  is  to  lower  the  mobility  ratio  by 
increasing  the  viscosity  of  the  injected  water. 

The  fact  that  larger  volumes  of  injected  fluid  probably  lead  to 
greater  areal  sweep  efficiencies  needs  little  comment  but  the  effect  of 
the  flooding  pattern  should  be  illustrated.  Figure  3.2  shows  a  number 
of  patterns  of  well  placement,  the  choice  of  vhich  would  depend  on  the 
particular  reservoir.  By  convention,  flood  patterns  are  identified  by 
the  number  of  injectors  that  surround  a  producer.  Figure  3.3  illus¬ 
trates  the  most  common  pattern,  the  five  spot,  in  which  four  producers 
surround  the  injector  (with  many  adjacent  five  spots  in  an  actual 
development,  the  number  of  producers  and  injectors  is  approximately 
equal)  .  The  solid  lines  in  the  figure  enclose  the  area  that  might  be 
swept.  Breakthrough  at  producing  wells  increases  the  pressure  differ¬ 
ential  at  the  corner  points  resulting  in  the  centre  area  being  partial¬ 
ly  bypassed.  The  dotted  lines  indicate  what  the  sweep  efficiency  might 
be  if  the  mobility  ratio  were  somehow  reduced.  The  average  sweep 
efficiency  at  breakthrough  for  a  five  spot  pattern  is  approximately  72 

percent  but  this  improves  with  further  injection  until  at  the  economic 

14 

limit  the  sweep  efficiency  is  often  close  to  100  percent. 
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Vertical  Sweep  Efficiency 

Figure  3.4  illustrates  the  problem  caused  by  layers  of  differ¬ 
ing  permeability  which  alter  mobility  ratios  and  cause  the  injected 
fluid  to  move  through  the  reservoir  as  an  irregular  front.  Break¬ 
through  to  the  well  may  occur  causing  segments  of  the  reservoir  to  be 
bypassed  completely. 

Displacement  Efficiency 

This  is  a  microscopic  concept  referring  to  the  proportion  of 
the  oil  actually  contacted  by  water  and  displaced  or  flushed  out  of  its 
pore  space.  The  remaining  oil  is  called  the  residual  oil  saturation. 
In  water  wet  reservoirs  it  occurs  as  droplets  of  oil  trapped  by  inter - 
facial  forces  between  oil  and  water.  Once  these  droplets  form  and  are 
surrounded  by  water  they  are  difficult  to  move  and  end  up  trapped  in 
the  pore  channels.  In  oil  wet  reservoirs  the  residual  oil  remains  as  a 
thin  film  on  the  reservoir  rock.  The  twc  cases  require  different 
approaches  at  the  enhanced  recovery  stage. 

Total  Recovery  Efficiency 

The  recovery  efficiency  is  therefore  determined  by  the  above 
three  factors,  each  of  which  has  its  cwn  determinants.  An  important 
point  to  remember  is  that  the  unrecovered  oil  is  of  twc  types: 

1.  oil  in  non - contacted  segments  of  the  reservoir 

2.  residual  oil  remaining  behind  after  the  advancement  of  the 

displacing  fluid. 

We  are  new  almost  prepared  to  discuss  the  various  techniques 
that  fall  under  our  definition  of  enhanced  recovery.  One  further 
technical  relation  will  facilitate  the  explanation.  This  is  the  sim¬ 
plified  characterization  of  fluid  flow  through  a  porous  medium.  Fluid 
flew  will  occur  if  there  are  pressure  differences  in  the  medium  such  as 
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Dashed  Lines  Indicate 
Sweep  Efficiency  from 


the  Potential  Increase  in  Areal 
a  Reduction  in  Mobility  Ratios. 


Figure  3.4 


Fluid  in  Lower  High  Permeability  Zone  has  Reached  the 
Producer.  Injected  Water  Will  Tend  to  Follow  This 
'Broken  Path'  and  the  Top  Layer  May  never  be  Swept. 


Producer 
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are  created  when  a  well  is  drilled  into  a  reservoir.1-*  According 
to  a  relationship  called  Carey's  Law,  the  rate  of  flew  is  directly  pro¬ 
portional  to  permeability,  area  and  the  pressure  differential,  and  it 
is  inversely  proportional  to  the  viscosity  of  the  fluid  and  the  length 
of  the  medium.1^* 

(permeability) (area) (  pressure) 

Flew  rate  -  - 

(viscosity)  (length) 

A  major  objective  of  enhanced  recovery  will  be  to  maximize  flow  rates 
by  altering  the  value  of  certain  parameters  that  affect  the  rates  of 
flow. 


3.5  Enhanced  Oil  Recovery 
Technical  Overview 

Oil  reservoirs  are  volumes  of  porous  rock  holding  water,  oil 
and  gas  under  pressure.  Primary  production  is  acccrnplished  by  dis¬ 
placement  of  the  oil  toward  producing  wells  by  the  water  and/or  gas, 
sometimes  assisted  by  gravity  forces.  Lhless  the  produced  oil  is 
replaced  frem  an  adjacent  aquifer,  pressure  decline  occurs,  reducing 
the  driving  force  and  liberating  gas  bubbles  which  may  impede  the  oil 
flew.  Since  seme  reservoirs  are  not  pressure  maintained  by  natural 
means  (aquifers  or  gas  caps),  seme  artificial  means  of  preventing  pres¬ 
sure  decline  is  required.  Injection  of  gas  or  water  sometimes  accom¬ 
plishes  this  'pressure  maintenance' .  Eventually,  however,  natural 
reservoir  energy  is  depleted  and  secondary  recovery  techniques  are 
implemented.  These  also  involve  fluid  injection  which  affects  pressure 
and,  at  this  stage,  is  also  effective  for  displacing  oil  directly. 
When  the  procedure  has  reached  its  economic  limit  there  is  still  a  con¬ 
siderable  amount  of  oil  left  in  the  reservoir,  roughly  two-thirds  of 
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the  original  oil  in  place. 

This  residual  oil,  the  target  for  enhanced  recovery  operations, 
exists  in  regions  of  two  types,  those  that  were  contacted  by  the  dis¬ 
placing  fluid  in  the  secondary  phase  and  those  that  were  not  — 
that  remain  in  original  reservoir  conditions.  In  regions  of  the  first 
type  the  oil  left  behind  is  usually  in  the  form  of  droplets  trapped  in 
pore  spaces  by  the  displacing  fluid  although  it  sometimes  exists  as  a 
thin  film  on  the  rock  surface.  Ehhanced  recovery  operations  have  two 
general  objectives: 

1.  to  increase  the  displacement  efficiency  either  by  reducing  the 
forces  (i.e.,  inter facial  tension)  that  cause  the  trapping  of 
droplets  of  oil,  or  by  increasing  the  oil's  escape  potential  by 
increasing  the  pressure  gradients  in  pores  or  increasing  the 
solution  effects  encouraging  vapourization  or  solubilization; 
and 

2 .  to  increase  the  contacted  portion  of  the  reservoir  (i.e., 
increase  sweep  efficiency)  by  affecting  mobility  ratios  or 
interfering  with  the  natural  flew  paths  that  would  be  followed 
by  injected  fluids,  thus  forcing  them  to  'break  new  trails' 
through  the  reservoir. 

Since  enhanced  recovery  techniques  w/ill  normally  follcw  a 
waterflood  operation,  it  is  important  to  know  how  the  waterflood  per¬ 
formed.  Although  a  successful  waterflood  operation  is  encouraging 
since  it  implies  injected  fluids  will  contact  most  of  the  reservoir, 
the  waterflood  itself  may  adversely  affect  enhanced  recovery  potential 
by  reducing  residual  oil  saturations  be lew  optimum  levels.  Ibis  is  why 
increasing  consideration  is  being  given  to  earlier  implementation  of 
these  (formerly)  'tertiary'  techniques.  In  come  cases  they  may  be 
initiated  at  the  primary  production  stage. 

The  specific  processes  discussed  in  this  summary  are  shown  in 


Exhibit  3.1. 
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EXHIBIT  3.1 

ENHANCED  RECOVERY  PROCESSES 


Polymer 


Mobility  Gontrol 
Diverting  and  Blocking 

Surfactant 

Microemulsion 


Alkaline 


Bnulsification  and  Entrainment 
Emulsification  and  Entrapment 
Wettability  Reversal  —  Oil  to  Water 
Wettability  Reversal  —  Water  to  Oil 

Hydrocarbon  Miscible 

Carbon  Dioxide 

Miscible 

Immiscible 


Thermal 


Cyclic  Steam  Injection 
Steam  Drive 
Hot  Water 

Forward  Cry  Gombustion 
Forward  Wet  Combustion 
Reverse  Oombustion 
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3.5.1  Polymer  Flooding 

Polymer  floods  are  waterfloods  that  have  been  treated  with  a 
suitable  polymer,  thereby  increasing  the  viscosity  of  the  water.  The 
exact  manner  by  which  recovery  is  increased  is  not  completely  under¬ 
stood  but  three  possible  effects  have  been  identified,  all  of  than 
related  to  sweep  efficiency  rather  than  displacement  efficiency.  That 
is,  the  flood  does  not  reduce  ultimate  residual  oil  in  the  contacted 
zone  beyond  that  achieved  by  waterflood,  but  it  ccmes  in  contact  with 
more  oil.  It  may  also  reduce  the  amount  of  water  required  to  achieve  a 
given  residual  saturation.  The  first  and  probably  most  important 
mechanism  is  the  reduction  in  mobility  ratio.  Polymers  used  in  oil 
recovery  are  high  molecular  weight  water  soluble  chemicals.  Their 
addition  to  water  increases  its  viscosity,  reducing  its  mobility, 
thereby  reducing  the  oil -water  mobility  ratio. 

With  some  polymers,  the  mobility  ratio  may  also  be  affected  by 
reduction  of  the  permeability  of  the  formation  to  water.  This  occurs 
when  the  polymer  is  adsorbed  or  retained  on  the  rock  surface.  This 
seems  to  make  it  harder  for  water  to  flew  but  has  little  effect  on  oil. 
Therefore,  once  a  polymer  flood  has  worked  its  way  through  the  reser¬ 
voir,  subsequent  waterfloods  exhibit  a  lewer  mobility  ratio.  These 
mechanisms  are  important  when  the  reservoir  oil  is  highly  viscous , 
implying  an  adverse  initial  mobility  ratio. 

Another  mechanism  by  which  polymer  addition  works  is  through 
diversion  of  oil  from  high  permeability  to  lew  permeability  strata. 
This  allows  a  more  even  advance  of  the  flood  front  through  the 
reservoir  and  may  prevent  bypassing  of  sane  lew  permeability  segments. 
The  diversion  is  accomplished  by  injecting  a  polymer  solution  with 
gelling  capability  into  the  high  permeability  zones.  When  the  gel 
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'sets'  the  zones  are  blocked  and  subsequently  injected  water  is  divert¬ 
ed  to  lower  permeability  zones. 

The  amount  of  polymer  required  depends  on  the  objective,  with 
relatively  large  amounts  being  used  for  mobility  control  and  small 
slugs  when  sweep  pattern  improvement  is  sought  through  reaction  with 
the  reservoir  rock. 

Polymers  primarily  used  in  the  field  to  date  are  poly-  acryla¬ 
mides  (synthetic)  and  polysaccharides  (biologically  produced) .  The 
performance  of  the  former  is  adversely  affected  by  salinity,  divalent 
ion  concentration  and  shearing  (injection  stress) .  Therefore,  rela¬ 
tively  fresh  water  and  injection  rates  moderate  enough  to  ensure  the 
polymer  slug  is  not  adversely  affected  by  insertion  stress  are  requir¬ 
ed,  which  affects  the  economics  of  the  process.  Polysaccharides  are 
less  affected  by  these  problems  but  both  are  subject  to  attack  by  bac¬ 
teria  and  are  difficult  to  get  into  solution  when  supplied  in  dry 
powder  form.  Currently  polysaccharides  are  more  expensive  and  have 
undergone  much  less  field  testing  than  their  synthetic  cousin. 

laboratory  studies  cited  by  Sandiford  have  shown  polymer  mobil¬ 
ity  control  can  double  waterflood  recovery  but  field  applications  have 
provided  incremental  production  over  waterflood  of  from  5  to  15  per¬ 
cent.  Failures  are  now  thought  to  be  due  to  inadequate  slug  size  and 

lew  concentrations  suggesting  that  future  applications  will  have  to  use 

17 

more  polymer  than  before. 

3.5.2  Surfactant  Flooding 

Surfactants,  literally  surface  active  agents,  act  much  like 
washing  detergents  cutting  grease  from  clothes  when  they  remove  oil 
from  reservoir  rock.  The  mechanism  is  a  reduction  in  inter  facial  ten¬ 
sion  between  the  oil  and  the  displacing  fluid  reducing  capillary  forces 
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and  liberating  more  oil.  The  process  emphasizes  increasing  displace¬ 
ment  efficiency  rather  than  sweep  efficiencies.  The  major  problem  has 
been  adsorption  of  the  chemicals,  usually  petroleum  sulphonate,  by  the 
reservoir  rock. 

Microemulsion  Flooding 

This  is  also  known  as  micellar  or  soluble  oil  flooding. 
Essentially  it  involves  injection  of  a  micellar  solution  slug  followed 
by  a  polymer  buffer  which  is  driven  by  a  regular  waterflood.  The 
micellar  solution  achieves  forward  displacement  of  a  bank  of  oil  and 
water  which  itself  collects  more  oil  as  it  moves,  while  the  polymer 
acts  as  a  buffer  to  protect  the  slug  from  being  broken  up  by  the  fol¬ 
lowing  water  drive.  The  micellar  composition  varies  according  to  cir¬ 
cumstances,  but  usually  contains  a  surfactant,  some  hydrocarbon  source 
which  varies  from  LPG  to  lease  crude,  a  co-surfactant  (alcohol)  and 
sometimes  salts,  which  increase  the  viscosity  of  the  solution  thus 
inproving  the  mobility  ratio.  TWo  quite  different  approaches  to  the 

use  of  microemulsions  in  enhanced  recovery  have  emerged,  lew  concentra- 

18 

tion  solutions  versus  high  concentration  solutions. 

The  lew  concentration  approach  involves  injection  of  a  rela¬ 
tively  large  amount  (15  to  60  percent  pore  volume)  of  a  lew  concentra¬ 
tion  surfactant  which  acts  to  reduce  interfacial  tensions.  This  in¬ 
creases  displacement  efficiency  but  does  not  clean  out  all  the  oil 
until  many  pore  volumes  of  solution  have  been  injected.  The  other  pro¬ 
cess  involves  a  small  slug  (3  to  30  percent  pore  volume)  of  a  high  con¬ 
centration  solution  which  displaces  100  percent  of  the  contacted  oil  as 
it  moves  through  the  reservoir.  The  higher  displacement  likely  occurs 
because  the  concentration  is  initially  miscible  with  the  oil.  The  slug 
is  gradually  diluted  by  formation  fluids  and  adsorption  which  destroys 
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the  miscibility.  Farther  displacement  may  occur  from  reduction  of 

inter  facial  tension  as  in  the  lew  concentration  flood.  ^ 

Laboratory  results  surveyed  by  Gogarty  suggest  the  high  concentration 

approach  is  superior.  Although  production  starts  later  and  continues 

for  a  shorter  period  of  time,  it  is  maintained  at  a  higher  rate  and 

20 

produces  greater  ultimate  recovery.  The  shorter  production 

period  would  provide  a  significant  advantage  in  terms  of  net  present 
value  even  if  ultimate  recovery  is  approximately  the  same  for  both 
processes . 

3.5.3  Alkaline  Flooding^1 

Alkaline  or  caustic  methods  involve  the  introduction  of  an 
alkali  such  as  sodium  carbonate,  sodium  silicate  or  sodium  hydroxide 
into  the  waterflood.  There  are  at  least  four  different  mechanisms  by 
which  such  solutions  are  thought  to  increase  recovery: 

1.  emulsification  and  entrainment 

2.  emulsification  and  entrapment 

3.  wettability  reversal  (oil  wet  to  water  wet) 

4.  wettability  reversal  (water  wet  to  oil  wet) 

When  anulsions  are  formed  in  the  processes,  demulsification  costs  must 
also  be  considered. 

Emulsification  and  Entrainment 

The  first  mechanism  operates  when  the  sodium  hydroxide  reacts 
with  the  acids  in  the  oil,  thereby  reducing  inter facial  tension  which 
allows  formation  of  emulsifying  soaps.  The  oil -in -water  emulsion 
becomes  strung  out  in  the  flowing  alkaline  solution  and  is  produced 
with  it.  Reisberg  and  Doscher  suggested  that  the  mechanism  is  not 
likely  to  be  effective  because  for  various  reasons  the  alkali  is  quite 
likely  to  fall  behind  the  displacement  front,  delaying  production  until 
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several  pore  volumes  of  the  solution  have  been  injected.  This  would 
adversely  affect  the  economics  of  the  operation. 

Emulsification  and  Entrapment 

In  this  case  the  reduction  in  interfacial  tension  again  leads 
to  emulsification  of  oil  droplets  Which  are  quickly  trapped  again  by 
small  pore  throats.  These  droplets  reduce  the  mobility  of  water 
through  the  reservoir  causing  a  significant  increase  in  volumetric 
sweep  efficiency.  Residual  oil  saturation  is  not  reduced  by  this 
method  since  the  trapped  emulsion  droplets  do  not  get  produced.  There¬ 
fore,  the  indicated  application  is  in  reservoirs  that  suffer  from  poor 
sweep  efficiency  (high  viscosity  oils)  .  An  implication  is  that  when 
entrapment  is  thought  to  be  the  primary  mechanism,  the  process  must 
ccnpete  with  thermal  and  polymer  methods  which  are  also  effective  with 
viscous  oils. 

Wettability  Reversal  (Oil  Wet  to  Water  Wet) 

In  this  case  the  alkali  solution  acts  to  reverse  the  preference 
of  the  rock  from  oil  to  water.  This  favourably  affects  the  relative 
permeabilities  to  the  fluids  making  it  easier  for  oil  to  flow  (i.e., 
improving  the  mobility  ratio) . 

Wettability  Reversal  (Water  Wet  to  Oil  Wet) 

In  this  case  the  reversal  is  accompanied  by  a  significant 
reduction  in  interfacial  tensions  caused  by  the  formation  of  soaps  when 
the  alkali  reacts  with  the  acids  in  the  oil.  The  wettability  reversal 
changes  the  condition  of  the  oil  frcm  droplets  surrounded  and  trapped 
by  water  to  a  thin  film  on  the  rock  surface,  which  provides  a  flow 
path.  The  lew  interfacial  tension  causes  a  water- in-oil  emulsion  to 
develop.  These  emulsion  droplets  are  interspersed  with  oil  droplets  in 
the  pores.  The  emulsion  droplets  block  flew  causing  a  pressure  build- 
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up  sufficient  to  overcome  the  weakened  capillary  forces  and  allowing 
the  oil  drops  to  escape.  Thus  the  mechanism  works  by  reducing  residual 
oil  saturation  (possibly  to  as  lew  as  5  percent  pore  volume) . 

All  of  the  above  mechanisms  may  be  improved  with  the  use  of 
polymers  for  greater  mobility  control.  Another  approach  is  to  inject 
alternate  slugs  of  sodium  silicate  and  calcium  chloride.  In  the  reser¬ 
voir,  these  chemicals  mix  and  precipitate  calcium  silicate  which  may 
plug  the  strata  as  they  are  flooded  out. 

3.5.4  Hydrocarbon  Miscible 

In  these  processes  the  injected  hydrocarbon  mixes  fully  with 
the  reservoir  oil,  completely  eliminating  any  interface  that  would 
occur  with  an  immiscible  displacing  fluid  such  as  water.  The  potential 
for  100  percent  recovery  is  theoretically  possible  and  has  been  danon- 
strated  in  the  laboratory,  but  not  in  the  field. 

Three  basic  processes  may  be  distinguished,  high  pressure 

(vaporizing)  gas  drive,  enriched  (condensing)  gas  drive,  and  miscible 

22  .  .  ... 
slug  processes.  The  miscible  process  involves  injection  of  a 

slug  of  LPG  or  liquid  propane  followed  by  natural  gas.  The  slug  mixes 

with  the  reservoir  oil  and  is  driven  to  the  wellhead  by  the  natural 

gas.  High  pressures  are  required  to  maintain  the  process  (1,200  psi) . 

While  these  pressures  will  not  damage  most  reservoirs,  they  are 

undesirable  if  lewer  pressure  methods  can  be  found. 

The  high  pressure  gas  drive  works  by  inducing  vaporization  of 
intermediate  hydrocarbons  (C2^)  frem  the  reservoir  oil.  The 
injected  gas  reduces  the  distance  between  molecules  of  the  hydrocarbon, 
thereby  increasing  molecular  attraction  and  'extracting'  seme  of  the 
molecules  frem  their  liquid  phase  into  a  gaseous  phase.  The  addition 
of  the  heavier  molecules  tends  to  alter  the  ccmposition  of  the  gas 
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towards  that  of  the  liquid  hydrocarbon  from  which  it  is  'stealing'  . 

The  process  continues  until  the  injected  gas  is  completely  miscible 
with  the  reservoir  oil.  It  may  be  viewed  as  in  situ  production  of  a 
miscible  slug.  The  pressure  required  is  about  three  times  that  requir¬ 
ed  for  the  injected  miscible  slug  process  which  limits  its  use.  It  is 
also  limited  to  reservoirs  with  large  proportions  of  intermediates  in 
the  crude. 

The  enriched  gas  process  involves  injection  of  a  natural  gas  to 
which  ethane,  propane  and  butane  have  been  added.  In  contrast  with  the 
reservoir  oil  these  components  condense,  increasing  the  oil  volume  and 
decreasing  its  viscosity.  Eventually  this  results  in  complete  misci¬ 
bility  of  the  oil  and  injected  gas.  It  is  also  therefore  similar  to 
the  first  process  described  except  that  the  miscible  slug  is  produced 
in  situ  by  condensation.  It  is  applicable  under  a  wide  range  of  reser¬ 
voir  pressure  conditions  (1,500-3,000  psi) . 

3.5.5  Carbon  Dioxide  (Miscible  and  Immiscible) 

The  CC>2  miscible  process  operates  similarly  to  high  pressure 

gas  drive  by  in  situ  production  of  miscible  conditions.  However,  the 

CO2  vaporizes  heavier  hydrocarbons  frcm  the  oil,  which  makes  it 

23 

applicable  to  a  wider  range  of  reservoirs.  It  also  requires  much 
lower  pressure  conditions  than  the  high  pressure  drive  process.  Actual 
recovery  is  not  limited  to  miscible  processes  but  includes  immiscible 
mechanisms  as  well.  These  mechanisms  are  thought  to  include  viscosity 
reduction,  swelling  of  oil,  vaporization  of  the  crude,  creation  of 
solution  gas  drive,  and  increase  in  rock  permeability.  Viscosity  is 
reduced  10  to  100  fold  which  improves  mobility  ratios  and  therefore 
sweep  efficiencies.  Oil  volume  may  be  swelled  by  10  to  40  percent  by 
dissolved  (X>2*  The  residual  saturations  left  behind  will  also  be,  in 
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part,  carbon  dioxide.  After  the  flood  front  has  passed,  continued  pro¬ 
duction  with  attendant  pressure  declines  allows  seme  CC>2  to  cone  out 
of  solution  displacing  oil  toward  the  wellhead  as  in  solution  gas 
drive.  The  possibility  exists,  however,  that  asphalts  in  seme  crudes 
may  be  precipitated  when  contacted  with  CO2/  thus  plugging  forma¬ 
tions  . 

It  is  usually  necessary  to  take  some  steps  to  increase  the 
sweep  efficiency  of  the  CO2  process.  This  can  be  done  by  alternate 
or  simultaneous  water  injection,  vertical  displacement,  and  selective 
injection.  Simultaneous  water  injection  reduces  mobility  and  prevents 
fingering.  It  also  reduces  the  tendency  for  the  gas  to  bypass  the  oil 
when  high  permeability  zones  are  encountered.  Vertical,  rather  than 
horizontal  displacement,  increases  sweep  by  reducing  the  tendency  of 
the  lighter  gas  to  overflow  the  oil. 

The  process  seems  to  be  more  effective  at  lower  production 
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rates  according  to  laboratory  wurk  reported  by  Holm.  In  spite  of 
the  fact  that  much  of  the  CO2  can  be  recycled,  economic  viability 
will  depend  on  the  availability  of  CO2  in  sufficient  quantities  at 
reasonable  costs.  Considerable  effort  in  developing  such  sources  is 
justified  by  the  fact  that  the  process  is  one  of  few  that  shows  promise 
in  carbonate  reservoirs,  which  contain  something  over  half  of  Canadian 
reserves  (see  Appendix  A). 

3.5.6  Thermal  Methods 

Recovery  of  heavy  oils  is  aided  by  heat,  which  reduces  oil 

viscosity  to  levels  that  allow  flow  through  the  reservoir.  Subsidiary 

effects  include  thermal  expansion,  increased  sweep  efficiency  due  to 
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the  improved  mobility  ratio,  and  steam  distillation  effects.  The 
heat  may  be  introduced  to  the  reservoir  externally  via  steam  or  hot 
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water  or  it  may  be  generated  in  situ  by  canbustion  of  a  portion  of 
reservoir  crude.  Ihe  major  problems  of  the  former  process  have  to  do 
with  heat  losses  between  steam  production  and  the  reservoir.  In  situ 
problems  include: 

1.  inability  of  the  oil  to  deposit  sufficient  fuel  to  support  com¬ 
bustion; 

2.  lew  air  injectivity; 

3.  cross  chanelling  and  leaking  of  the  injected  air  frem  the  form¬ 
ation; 

4.  excessive  air  requirements ; 

5.  lew  air  saturation; 

6.  plugging  of  porous  rock  leading  to  the  flew  of  a  limited  supply 
of  air;  and 

7.  mechanical  problems  in  producing  wells.  D 

Examples  of  the  various  procedures  will  be  discussed  briefly  below. 
Cyclic  Steam  Injection 

This  is  sometimes  referred  to  as  steam  soak  or  huff  and  puff. 
Steam  is  injected  into  the  reservoir  (huff)  through  a  producing  well. 
The  well  may  then  be  shut-in  for  a  time  to  allow  the  steam  to  'soak' 
the  area  around  the  wellbore.  The  reduced  viscosity  oil  is  then  pro¬ 
duced  (puff)  over  several  months  to  a  year  until  another  injection  is 
required.  Ihe  cycle  is  usually  repeated  several  times  until  incremen¬ 
tal  production  ceases  to  justify  it,  at  which  time  the  operator  some¬ 
times  switches  to  steam  drive  methods.  Cyclic  injection  is  one  of  the 
few  enhanced  recovery  processes  that  has  been  ccmnercially  successful. 

In  fact,  one  major  U.  S.  investigation  did  not  even  consider  it  under 

.  .  27 

their  definition  of  enhanced  recovery. 


95 


Steam  Erive 

In  this  case  steam  is  introduced  to  the  reservoir  continuously 

through  injection  wells  and  displaces  the  oil  toward  the  producing 

wells.  It  may,  but  need  not,  follcw  several  cycles  of  steam  injection. 

At  the  steam  front  sane  condensation  occurs,  thus  hot  water  moves 

through  the  lcwer  zone  of  the  sand  and  steam  moves  through  the  upper 

zones.  Lower  viscosity  results  in  both  zones,  but  in  the  hot  water 

zone  there  may  also  be  sane  increase  in  relative  permeability  to  oil, 

while  in  the  steam  zone  vapourization  of  lighter  fractions  contributes 
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sane  of  the  incremental  oil.  Much  of  the  heat  is  lost  to  the 
formation  in  the  process  and  this  heat  may  be  'scavenged'  by  a  follow¬ 
up  cold  water  flood  which  increases  recovery  even  further.  Steam  drive 
is  not  in  excessive  use  at  present,  but  its  use  will  increase  signifi¬ 
cantly  in  the  U.  S.  as  current  cyclic  injection  projects  are  run  dcwn 
and  are  converted. 

Hot  Water 

Hot  water  injection  is  rarely  used  because  it  is  less  economi¬ 
cal  than  by  steam  methods.  However,  there  are  seme  situations  in  which 

the  use  of  steam  might  lead  to  formation  damage,  in  which  case  hot 
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water  could  be  used. 

In  Situ  Fbrward  Dry  Gombustion 
(Fire  Flood) 

In  this  process  the  heat  is  produced  by  burning  some  of  the 
crude  within  the  reservoir  itself.  This  is  accomplished  by  sustained 
injection  of  air  which,  if  the  contacted  crude  oxidizes  rapidly,  may 
ignite  spontaneously,  or  if  oxidization  is  slew,  can  be  artificially 
ignited.  Post  ignition  injection  of  air  causes  a  burning  front  to  move 
away  fron  the  injection  well.  At  the  burning  front,  water  is  being 
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vapourized  and  oil  is  being  vapourized  and  cracked  leaving  a  residue  of 
coke  to  maintain  combustion.  The  produced  steam  and  oil  vapour  moves 
ahead  of  the  front  with  the  steam  condensing  to  hot  water  which  mobil¬ 
izes  the  oil  forming  an  oil  bank  which  is  pushed  toward  the  producing 
wells. 

Fbrward  Wet  Cbmbustion 

Wet  combustion  involves  injection  of  water  behind  a  flame  front 
in  an  attempt  to  recapture  the  heat  between  the  injector  and  the  front. 
Over  half  of  the  heat  produced  is  left  in  this  region.  The  residual 
heat  vapourizes  the  injected  water  and  the  resulting  steam  front  over¬ 
takes  the  combustion  front,  transferring  heat  in  front  of  it.  The 
advantage  lies  in  extending  the  heat  zone  further  into  the  reservoir 
and  perhaps  even  reducing  the  fuel  requirement. 

Reverse  Combustion 

This  method,  although  at  the  experimental  stage,  seams  to  be 
suited  to  very  heavy  crudes.  It  begins  as  a  forward  combustion  pro¬ 
ject,  but  after  the  front  has  burned  out  a  short  distance  into  the 
reservoir,  air  injection  is  shifted  to  other  wells.  The  oil  near  the 
front  is  cracked  and  the  lighter  fractions  pass  through  the  combustion 
area  as  gases,  moving  toward  the  initial  injection  well  which  is  now  a 
producer.  These  hydrocarbon  gases  condense  as  the  temperature  cools 
and  are  produced  as  liquids.  The  process  is  assisted  by  general  con¬ 
duction  of  heat  throughout  the  reservoir  which  lowers  viscosity  and 
mobilizes  some  oil  that  can  rro/e  to  the  production  well  without  passing 
through  the  combustion  front. 

The  procedure  requires  about  twice  the  amount  of  air  needed  for 
forward  combustion  but  this  may  be  an  acceptable  expense  when  no  other 
recovery  methods  seem  possible,  which  is  likely  to  be  the  case  when 


97 


reverse  ccmbustion  is  used.  About  50  percent  of  the  residual  oil  may 
be  expected  to  be  recovered.  A  problem  may  occur  due  to  spontaneous 
ccmbustion  at  the  injection  wells  vvhich  complicates  field  tests  with  a 
second  flood  front.  But  the  potential  for  this  process  in  the  far 
north  has  been  noted.  At  lew  temperatures ,  around  freezing,  spontan¬ 
eous  ignition  time  requirements  would  be  several  years  which  is  enough 
time  for  a  test  to  be  completed. 

A  variation  of  this  process,  reminiscent  of  cyclic  steam  injec¬ 
tion,  is  to  shut  the  air  off  after  seme  period  of  time,  terminating 
ccmbustion  and  allowing  the  oil  to  move  toward  the  producing  well 
(former  injector)  without  passing  through  the  ccmbustion  front. 
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Footnotes 

^"There  are  numbers  of  different  types  and  shapes  of  reser¬ 
voirs  Which  are  classified  according  to  the  geologic  features  causing 
their  occurrence  (ie.  structural  folding,  faulting,  non-conformity, 
permeability  variation,  etc.)*  See  Norman  J.  Clark,  Elements  of  Pet- 
roleum  Reservoirs,  (Dallas,  Society  of  Petroleum  Engineers,  1960)  Ch. 
1. 

^See  Clark,  Ch.  4. 

3 

J.C.  Calhoun,  Jr.,  Fundamentals  of  Reservoir  Engineering, 
(The  U.  of  Oklahoma  Press,  Norman,  1960) . 

4  .  .  . 

This  vivid  analogy  is  suggested  by  Clarke,  Ch.  4. 

5 

This  explanation  relates  to  water  wet  reservoirs  (ie.,  the 
rock  prefers  adhesion  with  water).  Sane  reservoirs  are  oil  wet.  The 
connate  water  saturation  in  water  wet  reservoirs  is  usually  quite  a  bit 
higher  than  in  oil  wet  reservoirs  (25  per  cent  or  more  versus  10  per 
cent  or  less)  .  Hcwever,  most  reservoirs  exhibit  intermediate  wettabil¬ 
ity,  that  is  the  rock  has  no  strong  preference  for  either  oil  or  water. 

^B.C.  Craft  and  M.F.  Hawkins,  Applied  Petroleum  Reservoir 
Engineering ,  (Englewood  Cliffs,  N. J.  ,  Prentice  Hall,  1959),  Ch.l, 
Norman  J.  Clarks,  op.  cit.,  Ch.  5,7. 

7 

Ben  H.  Caudle,  Introduction  to  Reservoir  Engineering,  (Soci¬ 
ety  of  Petroleun  Engineers  of  AIME,  1976),  p.  31. 

Q 

This  may  not  correspond  to  the  proportion  of  reserves  that 
lie  underneath  but  because  the  actual  extent  of  the  reservoir  cannot  be 
determined  it  is  felt  to  be  the  fairest  method. 

^D.N.  Stright,  Jr.,  D.W.  Bennion  and  K.  Aziz,  "Influence  of 
Production  Rate  on  the  Recovery  of  Oil  from  Horizontal  Waterfloods." 
Journal  of  Petroleum  Technology,  May,  1975,  pp.  555-563;  R.T.  Miller 
and  W.C.  Rogers,  "Performance  of  Oil  Wells  in  Water  Drive  Reservoirs." 
Paper  SPE  4633,  SPE-AIME  48th  Annual  Meeting,  Las  Vegas,  Nevada,  Sept. 
30  -  Oct.  3,  1973. 

■^This  is  the  definition  adopted  by  the  Alberta  Energy 
Resources  Conservation  Board.  ERCB  77-18,  Reserves  of  Crude  Oil,  Gas, 
Natural  Gas  Liquids,  and  Sulphur,  (Calgary,  1977). 

^National  Petroleum  Council,  Enhanced  Oil  Recovery,  Decem¬ 
ber  1976. 

l  7 

The  ERCB  estimates  that  "about  70%  of  Alberta '  s  conven¬ 
tional  crude  oil  reserves  will  in  due  course  be  associated  with  water 
production."  This  includes  water  from  natural  aquifers  but  the  bulk  of 
it  would  be  due  to  the  waterflooding  projects  that  were  in  operation  in 
1975.  ERCB  76-18,  Reserves  of  Crude  Oil,  Gas,  Natural  Gas  Liquids,  and 
Sulphur,  December  31,  1975. 
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A  complete  list  of  factors  is  discussed  toy  J.W.  A nyz  and 
D.M.  Bars,  Jr.,  "Estimating  Secondary  Reserves,"  AIME  (1958),  Vol.  213. 

14  .  .  . 

It  also  varies  with  mobility  ratios.  Fbr  M=10  sweep  ef¬ 
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ECONOMIC  MODEIjS  OF  THE  RECOVERY  PROCESSES 

4.1  An  Overview  of  the  Models 

The  models  of  production  and  economics  are  intended  to 

characterize  standard  development  and  operation  of  enhanced  recovery 
projects.  The  models  are  applied  to  all  reservoirs  that  appear 

technically  viable  using  current  technology.  'Technically  viable' 
means  without  regard  to  costs  of  development,  and  the  procedure  used  to 
establish  technical  viability  is  a  screening  procedure  developed  by  the 
Petroleum  Recovery  Institute  (see  4.2). 

The  inputs  to  the  models  are  reservoir  characteristics 

(described  in  Appendix  A),  cost  estimates  (described  in  Appendix  B)  , 
production  assumptions  (described  belcw) ,  and  tax  and  royalty 

regulations  (described  in  Appendix  C)  .  The  models  generate  for  each 
reservoir : 

•  the  quantity  of  incremental  oil  production  attributable  to 
the  enhanced  recovery  project 

•  the  time  profile  of  production  of  this  incremental  oil  (and 
associated  cash  flews) 

•  three  indicators  of  economic  viability,  calculated  with  and 
without  tax  and  royalty  considerations 

1)  the  'supply  price'  for  the  project  (the  price  per  barrel 
required  to  recover  all  development  costs) 

2)  the  net  present  value  of  the  projected  production 

3)  the  project's  internal  rate  of  return 

•  federal  and  provincial  revenues  generated  by  the  project 

The  generation  of  the  primary  output  described  above  involves  the 
calculation  of  a  number  of  variables  of  subsidiary  interest  which  are 
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also  recorded  for  each  reservoir.  These  include  original  and  remaining 
oil  in  place,  new  wells  required,  surface  acreage  utilized,  capital, 
operating,  and  materials  costs,  and  quantities  of  injection  materials 
required. 

Selected  variables  of  particular  interest  have  been  aggregated 
to  determine  the  impact  and  potential  of  enhanced  recovery  prospects  in 
Alberta.  Extension  to  other  provinces  is  accomplished  by  an  extrapo¬ 
lation  process. 

The  remainder  of  this  chapter  describes  the  procedures 
developed  to  analyse  individual  reservoirs.  The  discussion  has  five 
main  sections: 

•  the  technical  screening  procedure 

•  estimating  incremental  recovery 

•  general  design  of  the  production  models 

•  design  of  production  models  for  specific  processes 

•  economic  evaluation 

4.2  Technical  Screening  Procedure 

The  Ehergy  Resources  Conservation  Board  in  Calgary  publishes 
yearly  updates  of  Alberta's  reservoirs  of  crude  oil.  For  each  reser¬ 
voir  the  Board  provides  estimates  of  original  oil  in  place,  potential 
recovery  from  primary  and  secondary  methods,  and  remaining  oil  in 
place.1  These  estimates  provide  a  starting  point  for  an  estimation 
of  enhanced  recovery  potential.  The  first  step  is  to  check  each  reser¬ 
voir  to  determine  if  it  is  likely  to  be  susceptible  to  any  of  the  vari¬ 
ous  enhanced  recovery  processes  and  to  catalogue  them  according  to 
which  process  is  most  likely  to  be  successful.  This,  of  course,  is  a 
complex  technical  procedure  which  must  take  account  of  the  reservoir 
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characteristics  and  somehow  determine  whether  these  characteristics 

indicate  a  preferred  recovery  process.  Over  the  past  several  years, 

the  Petroleum  Recovery  Institute  has  been  reviewing  the  state  of 

knowledge  that  has  emerged  frcm  theoretical  studies,  laboratory 

experiments  and  field  pilot  tests.  This  knowledge  has  been  distilled 

to  produce  a  screening  procedure  which  enables  us  to  catalogue  the 

existing  reservoirs,  not  only  as  to  whether  or  not  they  are  suitable 

for  enhanced  recovery  operations,  but  also  according  to  the  technique 

for  vhich  each  reservoir  might  be  considered.  The  screening  procedure 

o 

is,  of  course,  critical  to  all  other  results.  It  is  discussed  m 
greater  detail  in  Appendix  A. 


4.3  Estimating  Incremental  Recovery 
in  Qualifying  Reservoirs 

The  estimate  of  potential  incremental  recovery  attributable  to 
a  given  process  is  given  by  the  difference  between  oil  in  place  before 
the  process  is  tried  and  oil  in  place  after  it  is  tried.  Defined  in 
terms  of  volumetric  estimates  of  oil  in  place  and  residual  oil 
saturation  levels  (the  percentage  of  pore  space  taken  up  by  oil),  we 
have  the  follcwing  expression  for  incremental  recovery. 


1) 


OOIP  x  B0j_ 


(S 

orw 


IR 


1  -  Sw 
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where 

IR  is  incremental  recovery 
OOI P  is  original  oil  in  place 

Bo:l  is  initial  oil  formation  volume  factor  (the  ratio  of 

the  volume  in  barrels  that  a  stock  tank  barrel  occupies  in 
the  reservoir  to  a  stock  tank  barrel  at  standard 
temperature  and  pressure--14. 4°C  and  1  atmosphere) 


Bo 
Sw 

^orw 


is  current  oil  formation  volume  factor 

is  water  saturation  (proportion  of  pore  space  occupied 
by  water) 

is  residual  oil  saturation  after  waterflood 


Sori_  is  residual  oil  saturation  after  tertiary  application 

E  is  volumetric  sweep  efficiency  (the  proportion  of  the 
reservoir  contacted  by  the  displacing  medium) 


The  square  bracketed  term  on  the  right  hand  side  represents  the  hydro¬ 
carbon  pore  volume,  the  second  bracketed  term  is  the  change  in  residual 
oil  saturation,  and  the  third  term  makes  allcwance  for  the  sweep 
efficiency  and  the  tendency  for  shrinkage  to  occur  when  the  oil  is 
produced . 

The  expression  (but  not  the  estimating  procedure)  is  somewhat 

simplified  as  formulated  by  Lewin  and  Associates  and  the  Petroleum 

3 

Recovery  Institute. 


2) 


IR  = 


where 


Sorw  ”  Sort 


orw 


RQIP 


ROIP  is  remaining  oil  in  place  after  ultimate  primary  and 
secondary  production. 

The  other  variables  are  as  defined  above  and  the  first  term  on  the 

right  hand  side  is  the  recovery  factor.  The  problem  then  is  to  obtain 
values  for  residual  oil  saturation  after  waterflood  and  estimates  of 
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values  after  a  tertiary  process  has  been  tried  for  each  of  the 

reservoirs  in  our  data  base.  The  value  for  residual  oil  saturation 

after  tertiary  production  for  each  process  depends  on  the  residual 

saturation  after  secondary  production  (waterflood)  and  on  the  sweep 

efficiency  and  displacement  efficiency  associated  with  each  process. 

In  each  case  the  sweep  efficiency  is  an  assumed  value  and  the 

displacement  efficiency  is  reflected  in  the  assumed  residual  saturation 

after  the  process  has  been  applied.  These  values  are  based  on 

theoretical  and  empirical  considerations  tenpered  by  practical 

experience.  They  were  developed  by  Lewin  and  Associates  in  a  1976 

4 

study  for  the  United  States  Federal  Energy  Administration.  They  are 
also  being  used  by  the  Petroleum  Recovery  Institute  and  so  have  been 
accepted  here.  As  an  example,  for  a  steam  drive  process  which  has  two 
zones,  a  steam  zone  and  a  hot  water  zone,  the  formula  might  be  as 
follows: 


3) 


sort 


Residual  oil 
saturation 
after  EOR 


0.40  (0.08)  +  0.35  (0.25)  +  0.25 


1 

Residual  oil 

1 

Residual  oil 

saturation  in 

saturation  in 

steam  zone 

hot  water  zone 

(S 


orw 


) 


Residual  satur¬ 
ation  before 
steam  flood 


Sweep  effi-  Sweep  effi-  Unswept 

ciency  in  ciency  in  hot  proportion 

steam  zone  water  zone 


In  the  case  of  microemulsion  flooding,  theoretical  consider¬ 
ations  lead  to  the  assumption  that  residual  saturation  in  the  swept 
zone  will  be  0.08  and  sweep  efficiency  will  be  60  percent  of  the 
reservoir  volume.  The  unswept  40  percent  of  the  reservoir  will,  of 
course,  end  up  with  the  same  oil  saturation  as  it  started  with.  So  the 
saturation  after  flooding  can  be  expressed  as 


. 
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4)  SQrt  =  0.60  (0.08)  +  0.40  (SQrw) 

For  alkaline  flooding  the  assumed  values  yield  the  relation¬ 
ship 


5)  Sort  =  °-50  (0<15)  +  °*50  (sorw} 

For  steam  drive,  a  distinction  is  made  between  highly  viscous 
(greater  than  1000  cp)  and  lew  viscosity  (less  than  1000  cp)  reser¬ 
voirs.  In  these  cases  the  reservoir  is  swept  not  only  by  steam,  but 
also  by  a  hot  water  phase  (as  the  steam  condenses)  .  Ebr  viscous 
reservoirs,  residual  saturation  is  assumed  to  be  0.30  in  the  hot  water 
zone  and  0.08  in  the  steam  zone  with  sweep  efficiencies  in  both  zones 
of  35  percent. 

6)  SQrt  =  0.35  (0.08)  +  0.35  (0.30)  +  0.30  (SQrw) 

For  lew  viscosity  reservoirs,  residual  saturation  is  assumed  to  be  0.08 
in  the  steam  swept  zone  with  40  percent  sweep  efficiency  and  0.25  in 
the  hot  water  zone  with  35  percent  sweep  efficiency.  Thus, 

7)  SQrt  =  0.40  (0.08)  +  0.35  (0.25)  +  0.25  (SQrw) 

The  in  situ  combustion  case  also  considers  two  zones,  the  burn 
zone  and  the  condensation  zone,  and  reservoirs  are  distinguished  as  to 
whether  viscosity  is  greater  or  less  than  40  cp.  Ihe  more  viscous 
reservoirs  are  assumed  to  have  30  percent  sweep  efficiency  in  both 
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zones  with  residual  saturation  of  0  in  the  burn  zone  and  0.35  in  the 
condensation  zone.  Therefore, 


8)  SQrt  =  0.30  (0.00)  +  0.30  (0.35)  +  0.40  (SQrv) 


low  viscosity  reservoirs  perform  slightly  better. 

9)  SQrt  =  0.35  (0.00)  +  0.35  (0.30)  +  0.30  (SQrw) 


It  should  also  be  noted  that  in  these  cases  incremental  recovery  must 
be  reduced  by  the  amount  of  oil  burned  in  the  combustion  zone.  Thus, 
incremental  recovery  wculd  be  estimated  as 


oil  burned  in 
combustion  zone 

In  the  case  of  CC>2  miscible  flooding,  sweep  efficiency 
depends  on  the  level  of  primary  and  secondary  recovery  prior  to 
institution  of  the  CO2  process .  The  assumed  relationship  is  as 
follcws : 


10) 


IR  = 


Sorw  ”  Sort 


ROIP 


orw 


Primary/ Secondary  C02  Sweep  Efficiency 

Recovery  % 

%  After  Primary  After  Secondary 


0 

-  30 

30 

20 

30 

-  50 

40 

30 

>50 


40 


40 
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The  residual  saturation  formulas  discussed  in  the  previous 
paragraphs  are  summarized  in  Thble  4.1. 

The  values  for  residual  saturation  after  waterflood  depend  on 
hew  uniformly  the  residual  oil  is  distributed  in  the  reservoir.  This 
distribution  is,  of  course,  unknown  but  seme  allowance  can  be  made  for 
uniform  versus  non-uniform  distributions  in  the  following  way: 

(a)  When  total  recovery  is  greater  than  55  percent  with  sweep 

efficiency  exceeding  65  percent,  it  may  be  assumed  that  the  oil  is 

uniformly  distributed  within  the  reservoir.  In  this  case,  the 

estimate  of  f  is  simply: 
orw 

11)  OOI P  -  production 

-  '  sG 

00IP 


where 

00IP  is  original  oil  in  place 
SQ  is  initial  oil  saturation 

This  is  merely  the  percentage  produced  times  the  percentage  that 
was  there  to  begin  with.  As  a  practical  matter,  sweep  efficiency 
(which  may  be  estimated  for  an  individual  reservoir)  is  an  unknown 
variable  in  aggregate  estimation  and  so  our  estimates  adopt  this 
approach  in  any  cases  where  recovery  from  primary  and  secondary 
operations  exceeds  55  percent. 

(b)  When  recoveries  are  less  than  55  percent,  it  is  assumed  that 

residual  oil  is  non -uniformly  distributed  throughout  the  reservoir. 

In  this  case,  we  use  a  value  for  T 

orw 


for  the  waterflooded 
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zone  only.  Again,  for  any  individual  reservoir,  this  value  may  be 
calculated  if  sufficient  information  is  available.  For  aggregate 
estimation,  this  approach  is  not  feasible  and  an  alternate  method 
was  required.  The  Energy  Resources  Conservation  Board  was  able  to 
provide  residual  oil  saturation  values  after  waterflood  for  Alberta 
pools.  These  are  presented  in  Table  4.2  which  shows  approximate 
average  values  for  nine  major  geological  formations.  These  aver¬ 
ages  were  obtained  by  a  random  survey  of  values  used  by  the  Board 
in  seme  of  the  prominent  pools  and  seme  of  the  recently  reviewed 
pools  in  each  of  the  formations.  Values  used  in  individual  pools 
within  a  formation  may  vary  by  up  to  ±5  percent  from  the 
average  listed  values.  The  values  shown  apply  only  to  the  portions 
of  the  reservoir  which  have  undergone  water  displacement. 


TABLE  4.2 

RESIDLAL  OIL  SATURATIONS  AFTER  WATERFLOOD 
ALBERTA  OIL  POOLS 


Formation 

Residual  Oil  Saturation 

After  Waterflood 
(percent  of  pore  volume) 

Keg  River 

30 

Beaverhill  lake 

37 

D-3  (Leduc) 

25 

D-2  (Nisku) 

30 

Mississippian 

35 

Triassic  -  Jurassic 

32 

Manville 

30 

Viking 

30 

Cardium 

40 

SOURCE:  ERCB  private  communication. 

NOTE:  The  values  of  SQrw  listed  above  apply  to  65.4  percent 
of  the  reservoirs  that  emerged  frem  the  screening  procedure.  In  the 
other  34.6  percent  of  the  reservoirs  SQ  is  either  calculated 
with  the  use  of  equation  11  or  is  assumed  to  be  30  percent. 
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Incremental  recovery  for  polymer  flooding  and  cyclic  steam 
injection  processes  is  not  estimated  using  the  above  procedures.  This 
is  primarily  because  these  processes  may  not  affect  actual  displacement 
efficiency  but  rather  affect  the  proportion  of  the  reservoir  contacted 
by  the  displacing  fluid.  Polymer  floods  are  implemented  in  place  of  a 
straight  waterflood  and  the  National  Petroleum  Council's  review  of 
field  experience  suggested  that  incremental  recovery  will  be  of  the 
order  of  15  percent  above  what  it  would  have  been  with  waterflood  only. 
Therefore,  these  estimates  are  applied  directly  to  the  oil  in  place 
that  the  screening  process  suggested  would  be  amenable  to  polymer 
methods.  Steam  stimulation  methods  are  assumed  to  increase  recovery  by 
25  percent. 

4.3.1  Evaluation  of  the  Incremental 
Recovery  Estimation  Procedure 

The  method  adopted  to  estimate  incremental  recovery  in  each 
reservoir  is,  of  course,  critical  to  the  overall  results.  Some  indi¬ 
cation  of  the  sensitivity  of  the  results  to  this  calculation  of  the 
recovery  factor  (AR)  is  in  order  because  there  are  seme  theoretical 
ambiguities  in  the  procedure. 

The  main  problem  occurs  because  oil  is  not  uniformly 
distributed  throughout  reservoirs.  In  over  half  the  cases  studied  we 
used  an  estimate  of  SQrw  provided  by  the  Energy  Resources  Conser¬ 
vation  Board.  The  estimates  were  based  on  relatively  detailed 
knowledge  of  the  characteristics  and  production  history  in  the 
formations  but  they  apply  only  to  the  portion  of  the  reservoir  that  is 
actually  contacted  by  water.  A  very  rough  calculation  of  this 
proportion  for  the  Alberta  reservoirs  under  consideration  yields  an 

5 

estimate  of  70  percent. 
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But  the  procedure  used  here  to  determine  SQrt  involves  an 
implicit  assurrption  that  waterflood  conformance  is  100  percent,  that 
is,  100  percent  of  the  reservoir  is  actually  contacted  by  water.  This 
can  be  seen  from  the  formula  for  Sort  for  steam  drive  repeated 
below. 


Determination  of  Sort 


Sort  =  0.40  (°*08)  +  0.35  (0.25)  +  0.25  (SQrw) 


1 

Residual  oil 

1 

Residual  oil 

1 

Residual  oil 

1 

Residual  satura 

saturation 

saturation  in 

saturation  in 

tion  before 

after  EOR 

steam  zone 

hot  water  zone 

steam  flood 

Sweep  effi-  Sweep  effi-  Lhswept 

ciency  in  ciency  in  hot  proportion 

steam  zone  water  zone 

In  this  formula  the  last  term  indicates  the  25  percent  of  the 
reservoir  that  is  not  contacted  by  the  tertiary  process  has  a  residual 
saturation  after  waterflood  of  SQrw,  say  30  percent.  This  30 
percent,  however,  actually  applies  only  to  the  part  of  the  reservoir 
contacted  by  water.  Scxne  of  the  reservoir  is  not  so  contacted  and  so 
the  remaining  average  oil  saturation  is  somewhat  higher  than  30 
percent.  Thus,  SQrt  is  underestimated.  But  that  means  AR  would 
be  overestimated  since  it  is  calculated  as: 

Sorw  ”  Sort 
AR  =  - 

c 

orw 

In  other  werds,  if  the  tertiary  flood  follows  the  same  path  as 
the  waterflood  (the  swept  zone  is  the  same)  the  recovery  could  be  very 


much  less  than  estimated  here. 
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This  is  mitigated  to  sctne  extent  by  the  fact  that  the  use  of  the 

Board  S  Sorw  underestimates  the  oil  remaining  since  the  saturation 
is  higher  in  areas  of  the  reservoir  that  were  not  contacted  by 

waterflood.  If  the  tertiary  procedure  increases  conformance  as  well  as 

displacement  efficiency,  there  is  a  possibility  that  recovery  wDuld  be 

higher  than  indicated  by  the  recovery  factor.  In  fact,  this  result  is 

quite  possible  for  a  number  of  reasons.  First,  tertiary  processes 

involve  closer  spacing  which  allcws  seme  possibility  of  crossflooding 

to  ensure  as  far  as  possible  that  the  tertiary  flood  does  not  merely 

follcw  the  same  channels  as  the  waterflood.  Also,  operations  are 

enhanced  by  the  better  reservoir  definition  possible  with  closer  well 

spacing.  Finally,  it  provides  better  flexibility  of  operation.  This 

refers  to  the  impact  of  any  problems  of  specific  wells.  In  wide 

spacing,  problems  with  a  particular  well  have  a  proportionately  greater 

impact  than  in  closer  spacing. 

Since  it  is  not  clear  on  theoretical  grounds  alone  whether  the 

procedure  overestimates  or  underestimates  ultimate  incremental 

recovery,  we  carried  out  a  few  tests  to  illuminate  the  relationship 

between  r,  and  incremental  recovery  (AR) . 

orw  ore 

Table  4 . 3  shows  the  results  of  a  10  percent  change  in  SQrw 
on  calculated  SQrt  and  the  calculated  recovery  factor .  The 

attendant  change  in  Sort  is  slightly  less  than  10  percent  but  the 
change  in  the  recovery  factor  is  considerably  less,  about  3  percent  in 
most  cases.  The  sensitivity  of  recovery  factor  to  changes  in  SQrw 


is  quite  small. 
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TABLE  4.3 

SENSITIVITY  OF  S__,_  AND  RECOVERY  FACTOR  TO  CHANGES  IN  S~.  7 

orx  orw 


c 

orw 

A  Sorw 
(%) 

A  sort 
(%) 

Factor 

(%) 

Miscible  gas 

0.4 

10 

9 

3 

Microemul s ion 

0.4 

10 

7 

3 

Alkaline 

0.4 

10 

7 

6 

Steam  drive 

0.7 

10 

6 

3 

In  situ 

0.7 

10 

7 

3 

Recovery 
(AR) 


The  average  recovery  factors  for  reservoirs  that  would  actually 
be  developed  in  our  base  case  are  shown  in  Table  4.4.  These  factors  do 
not  appear  unreasonable,  especially  considering  they  are  averages  for 
the  qualifying  reservoirs  only.  Reservoirs  with  lew  recovery  factors 
likely  turned  out  to  be  uneconomical  and  were  thus  emitted  frem  the 
average. 


TABLE  4.4 


AVERAGE  RECOVERY  FACTORS  FOR  EEVELOPED  RESERVOIRS 
IN  THE  BASE  CASE  SIMULATION 


Average  Recovery  Factor 
(%  ROIP) 

Alkaline 

23.4 

Polymer 

6.0 

Microemul sion 

40.0 

Hydrocarbon  miscible 

Sandstone 

15.3 

Carbonate 

17.7 

Weighted  average 

15.9 

Carbon  dioxide  miscible 

Sandstone 

17.5 

Carbonate 

21.7 

Weighted  average 

21.3 

Steam  drive 

55.4 

Steam  cycle 

23.0 

In  situ  combustion 

48.4 

115 


Tt>  check  the  aggregate  effect  on  recovery  of  a  much  reduced 
Sorw  we  did  a  test  run  on  the  hydrocarbon  miscible  process.  We 
chose  this  process  because  it  involves  a  large  number  of  reservoirs 
containing  a  large  amount  of  remaining  oil  in  place  (8.5  billion 
barrels)  . 

In  each  reservoir  the  assumed  residual  oil  saturation  after 
waterflood  was  reduced  by  25  percent.  The  results  are  shown  in  Thble 

4.5. 


TABLE  4.5 

EFFECT  OF  REDUCING  ,  BY  25  PERCENT 

orw 

ON  HYDROCARBON  MISCIBLE  RECOVERY 


ROIP 

Base  case  recovery 

8.50  billion  bbls 
1.35  billion  bbls 

(15.9%) 

Recovery  if  SQrw  is  reduced  by  25% 

1.19  billion  bbls 

(14.0%) 

Difference 

0.16  billion  bbls 

(1.9%) 

(12%  of  base  case 

recovery) 

A  25  percent  reduction  in  SQrw  reduces  the  base  case 
recovery  by  12  percent,  from  15.9  percent  to  14  percent  of  remaining 
oil  in  place.  Thus,  in  aggregate  terms  as  well,  the  model  does  not 
appear  to  be  critically  sensitive  to  reasonable  changes  in  the 
assumption  of  oil  saturation  before  the  tertiary  process  is  applied. 

In  conclusion,  it  should  be  noted  that  whatever  the  procedures 
used  to  estimate  incremental  recovery,  the  estimate  is  reduced  by  8 
percent  in  an  attempt  to  allcw  for  the  fact  that  gross  swept  volume  is 
reduced  by  irregular  pool  shapes  which  result  in  seme  parts  of  the 
reservoir  being  outside  the  pattern  of  developnent .  This  percentage 
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allowance  emerged  frcm  discussions  with  a  number  of  industry- 
representatives  . 

4.3.2  Predicting  Waterflood  Performance 

It  might  be  thought  that  seme  allowance  would  have  to  be  made 
for  reservoirs  destined  for,  but  not  yet  under,  waterflood.  It  is 
almost  automatic  for  reservoirs  to  move  frcm  primary  production  to 
waterflood  because  the  economics  is  usually  very  favourable.  In  such 
cases,  we  should  predict  waterflood  performance  before  attempting  to 
apply  our  tertiary  estimating  procedure.  This  leads  us  to  a  staging 
problem  in  oil  production,  that  is,  ultimate  effectiveness  of  a 
waterflood  project  depends  to  seme  extent  on  when  the  project  is 
initiated.  If  primary  production  is  run  to  the  limit  before  initiating 
waterflood,  then  ultimate  recovery  may  be  significantly  less  than  if 
the  flood  had  been  instituted  early.  In  fact,  some  waterfloods  are 
best  started  before  any  primary  production  has  occurred  (and  this  may 
be  true  for  some  tertiary  recovery  as  well) .  The  nature  of  the  problem 
is  illustrated  qualitatively  in  Figure  4.1  which  shows  that  instituting 
secondary  recovery  before  pressure  has  declined  very  far  may  result  in 
increased  ultimate  recovery,  which  means  smaller  residual  oil 
saturations.  There  are  really  two  parts  to  the  problem  under 
consideration : 

(a)  the  need  to  predict  performance  in  reservoirs  not  yet  under 
waterflood;  and 

(b)  the  need  to  allow  for  the  stage  at  which  waterflood  was 
instituted  when  predicting  residual  saturations. 
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Figure  4.1  -  Early  waterflood  may  facilitate  pressure 

maintenance  at  higher  levels  allowing 
larger  ultimate  recovery. 

A1  though  these  questions  need  to  be  addressed,  it  appears  that 
they  are  of  little  practical  significance  in  Alberta.  Reservoirs  that 
may  be  intended  for  but  are  not  yet  under  waterflood  apparently 
represent  an  insignificant  proportion  of  existing  reserves.  The  amount 
of  effort  needed  to  prepare  reliable  predictions  cannot  be  justified  by 
the  amount  of  oil  involved.  The  reason  for  this  situation  is  the 
strong  incentives  that  exist  for  initiating  waterfloods.  Lhder 
prorationing,  the  allowable  production  per  well  depends  on  recoverable 
reserves  so  if  water  flooding  can  increase  this  amount  the  operators  do 
not  hesitate  to  bring  it  in.  This,  plus  lew  costs,  generally  not  more 
than  fifty  cents  per  barrel,  result  in  waterflood  usually  being 
initiated  within  three  years  of  going  on  primary  production. 
Furthermore,  the  industry  in  Alberta  has  learned  from  United  States' 
experience  and  so  most  waterfloods  in  the  province  were  instituted  at 
an  early  enough  stage  to  ensure  that  ultimate  recovery  has  not  been 
adversely  affected.  This  means  the  estimate  of  residual  saturations 
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f: 

provided  by  the  ERCB  should  be  consistent. 

4.4  General  Design  of  the  Production  Models 

Once  an  estimate  of  incremental  recovery  is  developed,  it  is 
necessary  to  determine  how  production  will  take  place.  This  requires 
assumptions  regarding  the  pattern  and  area  covered  by  a  productive 
unit,  the  life  of  the  productive  unit,  the  productive  life  of  the 
reservoir  itself,  and  the  number  of  stages  over  which  the  field  will  be 
developed.  This  provides  a  basis  upon  which  the  equipment  requirements 
and  costs  can  be  estimated. 

The  specific  assumptions  differ  according  to  the  process  under 
consideration  and  will  be  described  more  fully  belcw.  Seme  of  the 
assumptions  are  based  on  the  engineering  literature  that  has  grown  up 
around  the  subject.  This  includes  theoretical  papers,  reports  of 
laboratory  experiments  and  reports  of  field  pilots.  Other  assumptions 
regarding  the  operation  of  the  specific  models  used  here  have  been  made 
by  the  author. 

Each  model  assumes  a  particular  well  pattern  (usually  a 
five-spot)  and  pattern  size.  Given  the  number  of  acres  of  a  particular 
reservoir,  these  assumptions  determine  the  number  of  patterns  required 
and  therefore  the  number  of  producing  and  injection  wells  and  related 
capital  equipment. 

The  productive  years  for  each  well  (well  life)  is  assumed  to  be 
the  same  for  all  wells  in  a  particular  process  (e.g.  seven  years  for 
steam  drive,  ten  years  for  polymer  flood) .  We  assume  that  reservoirs 
would  be  developed  in  stages  which  begin  one  year  apart.  Each  stage 
would  involve  a  minimum  of  five  patterns  but  there  would  be  a  maximum 
of  ten  stages  of  development  for  any  reservoir.  The  life  of  the 
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reservoir  (field  life)  therefore  depends  on  the  assumed  well  life,  the 
pattern  size,  and  the  size  of  the  reservoir.  Bor  example,  the  steam 
drive  process  assumed  five  aero  spacing  with  production  occurring  over 
seven  years  for  each  well.  Therefore,  a  25  acre  reservoir  would  be 
developed  in  one  stage  (since  we  assume  a  minimum  of  five  patterns  per 
stage)  and  the  field  life  would  equal  the  well  life  (seven  years)  .  A 
50  acre  reservoir  would,  however,  be  developed  in  two  stages  beginning 
one  year  apart  and  therefore  the  field  life  would  be  eight  years.  A 
250  acre  reservoir  would  involve  ten  stages  of  five  patterns  each  and 
the  field  life  would  be  sixteen  years.  But  any  larger  reservoirs  would 
also  be  developed  in  ten  stages  over  sixteen  years.  This  would,  how¬ 
ever,  mean  that  each  stage  would  involve  more  than  five  patterns. 

The  time  profile  of  injection  is  also  unique  to  each  process. 
For  example,  all  steam  drive  patterns  are  assumed  to  involve  steam 
injection  of  5  percent  pore  volume  in  the  first  year  and  2  percent  pore 
volume  in  each  of  the  remaining  six  years  (see  Appendix  D) .  For  each 
reservoir  this  assumption  allows  us  to  calculate  the  amount  of  injected 
material  required,  the  number  of  injection  units  required  (e.g.  steam 
generators)  and  therefore  the  costs  of  required  injection  equipment. 

Two  assumptions  are  made  which  reflect  the  assumed  sequential 
development  of  oil  reservoirs  and  affect  the  assumed  costs  of  develop¬ 
ment  activity.  First,  in  all  cases  we  assume  that  waterflooding  will 
occur  prior  to  initiation  of  an  enhanced  recovery  project.  This  secon¬ 
dary  recovery  activity  is  assumed  to  be  carried  out  on  eighty  acre 
spacing.  This  means  that  fewer  wells  will  have  to  be  drilled  by  the 
time  the  tertiary  recovery  scheme  is  implemented.  Second,  we  assume 
that  capital  equipment  has  some  salvage  value  and  in  fact  can  be  reused 
in  same  situations.  For  example,  steam  generators  put  in  place  in  the 
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first  stage  are  only  needed  for  the  seven  years  that  stage  is  assumed 
to  operate.  This  means  that  if  a  field  is  large  enough  to  involve 
eight  stages  the  generator  can  be  reused.  If  the  field  only  involves 
six  stages,  however,  reuse  is  not  allowed  in  the  model  since  the 
generators  are  still  required  in  stage  one  when  stage  six  begins.  No 
generators  are  allowed  to  be  transferred  to  different  reservoirs. 
Thus,  this  is  a  fairly  limited  allowance  within  the  models  for 
' recycling '  capital  equipment . 

4.4.1  Feasibility  of  Implied 

Production  and  Injection  fetes 

The  assumptions  made  about  the  amount  of  oil  that  can  be 
produced  frcm  our  assumed  number  of  production  wells  over  a  specified 
time  period  implies  a  particular  rate  of  production  for  each  reservoir. 
Similarly  injection  rates  are  implied  by  our  assumptions  as  to  the 
number  of  injection  wells  and  the  amount  of  material  to  be  injected 
over  our  assumed  time  period. 

On  the  other  hand,  the  rates  of  flew  in  an  actual  reservoir  are 
governed  by  specific  reservoir  parameters  such  as  the  pressure  differ¬ 
ential,  the  distance  between  injector  and  producer,  reservoir  permea¬ 
bility,  and  the  viscosity  of  the  oil  itself.  The  maximum  theoretical 

flew  rate  for  a  five  spot  pattern  is  given  by  the  following  flow 
7 

equation: 


.003075  KhS  AP 
Q  =  - 

U  Clog  (— )  -  .619] 

10  rw 


I 
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Where 

d  is  the  distance  between  injection  and  producing  wells  (ft) 

rw  is  the  radius  of  the  well  bore  (ft) 

U  is  viscosity  of  the  oil  (centipoise) 

AP  is  reservoir  pressure  minus  bottom  hole  flowing  pressure 
(BHFP  assumed  to  be  200  psi  for  purpose  of  this  check) 

k  is  the  permeability  of  the  reservoir  (millidarcies) 

h  is  the  pay  thickness  (ft) 

S  is  the  shrinkage  factor  (stock  tank  barrels  t  reservoir 
barrels) 

If  the  maximum  assumed  injection  or  production  rate  exceeds 
this  theoretical  flew  rate  (Q),  it  means  our  assumption  regarding 
pattern  size  or  the  time  profile  of  production  may  be  unrealistic  for 
this  reservoir.  By  drilling  more  wells  or  extending  the  production 
profile  over  a  longer  time  period,  the  maximum  assumed  production  or 
injection  rates  per  well  can  be  reduced  to  the  rates  implied  by  the 
actual  reservoir  parameters.  When  this  situation  occurs  in  any  of  the 
models,  we  increase  the  number  of  wells  drilled  by  20  percent.  If 
implied  injection  rates  are  too  high,  injection  wells  are  supplemented. 
If  implied  production  rates  are  too  high,  we  increase  production  wells. 
If  both  are  too  high,  both  types  of  wells  are  increased.  Ihe  procedure 
should  be  viewed  as  an  order  of  magnitude  check  which  prevents  us  frem 
assuming  a  pattern  size  that  requires  a  production  or  injection  rate 
greater  than  the  reservoirs  could  possibly  handle.  It  is  a  compromise 
solution  which  wculd  be  too  severe  in  cases  where  the  theoretical 
maximum  flew  rate  is  exceeded  by  some  small  amount  (possibly  due  to 
data  inadequacies)  and  inadequate  when  the  implied  flew  rate  is,  say, 
twice  as  high  as  it  should  be.  But,  on  average,  it  is  felt  that  the 
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solution  adjusts  the  total  costs  of  developing  reservoirs  by  a 
reasonable  amount. 

4.5  Design  of  Production  Models 
For  Specific  Processes 

The  detailed  production  assumptions  differ  for  each  process  and 
are  presented  in  Appendix  D.  A  summary  of  the  basic  assumptions  used 
is  provided  in  Thbles  4.6  and  4.7. 

4.6  Economic  Evaluation 

The  economic  evaluation  utilizes  discounted  total  revenues  and 
costs  to  ascertain  three  criteria  of  economic  viability,  net  present 
value,  supply  price,  and  internal  rate  of  return.  Treating  time  as  a 
continuous  variable 

12)  N  .w- 

NPV  =  f  [TR(t)  -  TC( t)  ]  e  dt 

0 

R  -rt 

=  /[ P(t)q(t)  -  CC(t)  -  OC(t)]  e  dt 

0 

where 

NPV  is  net  present  value 
TR( t)  is  total  revenue 
TC(t)  is  total  cost 
P(t)  is  price  of  oil 
CC( t)  is  capital  costs 
OC( t)  is  operating  costs 
N  is  life  of  the  project 

t  is  time 


r 


is  discount  rate 


BASIC  PATTERN  ASSUMPTIONS 
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As  a  practical  matter,  we  utilize  the  discrete  version  of  12), 


use  mid-year  discounting,  and  calculate  net  present  value  as  follows 
13) 


NPV  = 


where 


TR  -  TC 


N 

2  - 

t=  1  (1  +  r) 


t-.5 


N  Pt\  "  CCt  “  00 1 

2  - 

t=0  (1  +  r) 


t-.5 


Pp  is  domestic  wellhead  price  of  oil  in  year  t 

qt  is  production  frcm  the  project  in  year  t 

TR^  is  total  revenue  frcm  the  project  in  year  t,  (p^q^) 

TCt  is  total  costs  of  the  project  in  year  t,  (CC^  +  OC^) 

CC(-  is  capital  costs  in  year  t 

OC^  is  operating  costs  in  year  t 

r  is  discount  rate  chosen 

The  supply  price  is  the  revenue  per  barrel  of  oil  produced  that 
would  be  required  to  recover  all  developnent  costs  including  a  return 
on  net  investment.  The  technical  calculation  of  the  supply  price  makes 

Q 

use  of  the  following  formula. 


14) 


oc  +  cc 

N  ^t  U^t 


sp  “ 


t=  i  (1  +  r) 


t- .  5 


N 

2 


% 


,t-.5 


t=  i  (1  +  r) 

where  Sp  is  supply  price,  and  the  other  variables  are  as 
defined  above. 

Sp,  the  supply  price  for  enhanced  recovery  production, 
allocates  the  same  cost  to  every  barrel  produced  over  the  life  of  the 
project.  It  is  therefore  an  average  incremental  cost  per  present 
barrel  equivalent.  Considering  the  enhanced  recovery  project  as 
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marginal  to  total  petroleum  recovery,  the  supply  price  is  really  an 
average  long  run  marginal  cost. 


The  internal  rate  of  return  is  that  discount  rate  Which  equates 
discounted  total  revenues  with  discounted  total  costs  (yields  a  zero 
net  present  value)  .  That  is,  the  solution  to  the  follcwing: 


15) 


0  = 


N 

2 

t=  1 


TR  -  TC, 


(1  +  r) 


t-.5 


Where  the  discount  rate,  r,  required  to  solve  the  equation  is 
referred  to  as  the  internal  rate  of  return. 


4.6.1  A  Note  on  Methodology 

The  criteria  embodied  in  equations  12  to  15  are  utilized  on  the 
basis  that  the  enhanced  recovery  projects  are  ccrnpletely  incremental  to 
conventional  primary  and  secondary  recovery.  This  is  the  most 
appropriate  analytical  approach  to  existing  reservoirs  where  primary 
and  secondary  recovery  operations  are  currently  underway.  It  allows  us 
to  neglect  certain  sunk  costs,  such  as  land  acquisition  costs,  road 
development,  and  costs  of  equipment  already  in  place.  The  evaluation 
of  new  discoveries  wculd  more  appropriately  adopt  the  analytical 
viewpoint  that  each  phase  of  reservoir  development  be  assigned  its 
share  of  revenues  from  expected  production  and  its  share  of  all  costs 
including  those  mentioned  above.  Nonetheless,  having  successfully 
implemented  primary  and  secondary  recovery  operations,  the  decision  to 
proceed  with  a  tertiary  scheme  would  be  based  on  the  '  incremental ' 


approach  used  here. 


. 
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There  are,  however,  a  nunber  of  problems  associated  with  the 
aggregate  analysis  of  large  numbers  of  projects  that  are  each  specified 
by  a  form  such  as  12)  and  13).  In  particular,  the  production  rate, 
qt,  and  project  life,  N,  are  related  to  the  size  and  timing  of 
capital  expenditures.  Per  example,  the  pattern  and  pattern  size  chosen 
determine  the  number  of  wells  required,  a  major  component  of  capital 
costs.  If  the  technology  were  completely  understood,  it  wculd  be 
possible  to  maximize  NPV  by  a  suitable  choice  of  pattern  and  pattern 
size.  This  would  mean  that  N  and  the  structure  of  qt  would  be 
unique  to  each  project.  Lhfortunately,  the  technology  involved  in 
enhanced  recovery  is  far  from  being  completely  understood.  We  have 
therefore  made  standardized  assumptions  regarding  the  duration  of 
projects  within  particular  processes  and  the  production  and  investment 
rates  involved.  These  assumptions,  described  in  the  previous  section, 
are  based  on  informed  judgment  within  the  industry  but  they  cannot 
possibly  approximate  the  optimal  development  strategy  that  could  be 
utilized  in  developing  each  of  the  reservoirs  under  consideration.  This 
optimal  strategy  is  a  function  of  knowledge  of  individual  reservoir 
characteristics.  It  also  depends  on  the  'state  of  the  art'  for  each 
process  which  one  might  expect  to  improve  over  time.  However,  no 
attempt  has  been  made  to  incorporate  technological  advance  in  our 
estimation  procedure.  Aside  frem  the  difficulties  of  forecasting 
technological  advance  it  is  not  clear  whether  such  advance  will  allow 
us  to  recover  significantly  more  oil  or  will  merely  allow  us  to  better 
understand  why  we  can't. 

In  any  case,  the  technical  models  of  production  described  in 
the  preceding  section  serve  essentially  to  identify  the  assumed  extent 
and  timing  of  the  incremental  production  and  the  extent  and  timing  of 
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the  real  investment  required  to  realize  this  production.  These  revenue 
and  cost  profiles  are  then  incorporated  in  the  formulae  for  the  various 
economic  criteria  developed. 

The  oil  price  used  here  is  an  assumed  domestic  wellhead  price 
which  prevails  over  the  life  of  the  project.  General  inflation  in  both 
costs  and  prices  is  not  considered  (see  section  4.6.4).  However,  a 
differential  in  the  rate  of  increase  of  oil  prices  and  development 
costs  is  allowed  for  in  the  sensitivity  analysis  by  using  prices  (in 
1978  dollars)  of  $15,  $20  and  $25  dollars  per  barrel  with  unchanged 
real  costs  of  production.  The  price  of  oil  may  be  reasonably  expected 
to  rise  at  a  faster  rate  than  development  costs  (even  in  the  absence  of 
a  cartel)  since  it  is  a  depleting  resource.  Each  of  the  three  price 
assumptions  are  assumed  to  prevail  over  the  entire  period  of  analysis. 

4.6.2  Risk 

Tertiary  recovery  projects  are  inherently  risky  due  to 
reservoir  uncertainties  and  inadequate  technical  understanding  of  the 
various  recovery  processes.  This  is  mitigated  to  sane  extent  by  the 
stringent  screening  procedure  but  considerable  risk  remains.  However, 
a  study  by  Lewin  and  Associates  suggested  that  "the  economic  effects  of 
risk  and  failure  may  be  lcwer  than  generally  perceived."  Assuming 
each  reservoir  will  try  two  pilots  on  10  percent  of  the  acreage,  each 
being  twice  as  costly  per  acre  as  full  reservoir  development  and 
failing  in  one  out  of  ten  reservoirs  (of  randomly  selected  size)  they 
calculate  a  risk  premium  of  2.2  percent  of  investment  costs  from  the 
following  formula. 
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16)  Pilot  cost  per  acre  x  pilot  acreage  x  probability  of  failure 

Reservoir  cost  per  acre  x  reservoir  acreage  x  (1 -probability 

of  failure) 

2  x  10  x  0. 1 

=  -  =  2.2% 

1  x  100  x  (1-0.1) 


Our  models  incorporated  the  procedure  suggested  by  the  Lewin 
study  to  alio/  for  overhead  and  administration  costs,  namely  4  percent 
of  capital  investment  costs  and  20  percent  of  operating  costs.  This 
incorporates  a  generous  al lo/ance  for  the  risk  that  projects  qualifying 
at  the  screening  stage  are  unsuccessful  at  the  pilot  project  stage  of 
developnent.  In  addition,  sensitivity  analysis  allo/s  us  to  consider 
the  effects  of  varying  critical  variables  such  as  individual 
incremental  recovery,  on  the  aggregate  results. 

4.6.3  Inflation 

A  general  increase  in  the  price  level  affects  selling  prices, 
costs,  and  interest  rates.  Thus  project  analyses  are  not  affected 
unless  these  elements  change  at  different  rates.  This  is  illustrated 
by  equations  6  and  7. 

Net  present  value  -  with  no  inflation 

n  PA  •  TCt 


17) 


NPV 


t=l  (1  +  r)t_’  5 
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Net  present  value  -  with  inflation  at  rate,  i 


18) 

NPV 


N  PA(1  +  ig)t"5  -TCt(1  +  ig)t"5 

t=l  (1  +  r)t'*5(l  +  i  )t_*5 

g 


where  ig  is  the  general  rate  of  inflation. 

It  should  be  obvious  that  in  the  second  case  the  term 
(1  +  i)t-*^  could  be  cancelled  out.  Thus  there  is  no  real 
difference  in  the  approaches  frcm  an  analytical  viewpoint.  So,  if  we 
were  evaluating  a  nunber  of  projects  to  determine  their  net  present 
value,  the  effect  of  general  inflation  wculd  be  unimportant . ^ 

Changes  in  relative  prices  are  not  so  easily  handled.  They 
occur  because  of  changing  demand  and  supply  relationships  and  although 
seme  average  of  all  these  changes  is  precisely  vhat  makes  up  the  change 
in  the  'absolute'  price  level  (i.e.,  general  inflation)  it  is  quite 
possible  that  price  changes  in  any  industry  could  differ  frcm  the 
general  rate  of  inflation  quite  significantly.  This  is  really  the 
essence  of  any  forecasting  problem,  to  forecast  hew  costs  in  a  specific 
industry  and  market  prices  of  that  industry's  output  will  change.  Any 
such  changes  must  be  explicitly  included  in  the  evaluation.  Here  we 
consider  all  values  in  real  terms  (that  is,  ignoring  inflation).  We 
allcw  for  the  more  rapid  increases  in  the  price  of  oil  that  are  likely 
(due  both  to  the  fact  that  oil  is  a  depleting  resource  and  to  the 
influence  of  OPEC)  by  running  the  analysis  at  several  different  oil 
prices  with  costs  kept  constant. 


. 
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4.6.4  The  Discount  Rate 

The  choice  of  an  appropriate  rate  of  interest  with  vhich  to 
discount  the  future  is  a  subject  of  considerable  (and  inconclusive) 
debate  in  economic  literature  (see  Section  2.2.2  above).  The  issue 
revolves  around  the  extent  to  which  present  generations  should  consider 
the  welfare  of  future  generations  vhen  making  decisions  about  current 
investment  projects.  The  problem  can  be  characterized  semevhat  loosely 
as  follows .  Lew  discount  rates  may  favour  future  generations  by 
justifying  high  levels  of  current  investment,  the  benefits  of  which 
will  be  realized  in  the  future.  High  discount  rates  favour  the  present 
by  discouraging  investment,  releasing  current  income  for  consumption 
purposes,  the  benefits  of  v»hich  are  realized  by  today's  consumers. 

Some  analysts  prefer  the  use  of  some  appropriate  proxy  for  the 
spectrun  of  market  interest  rates  since  such  a  proxy  rate  would 
reflect  the  opportunity  cost  to  private  business  of  engaging  in  any 
investment  activity.  Others  claim  this  rate,  which  must  emerge  from 
present  generation  decisions,  is  too  high  and  is  thus  unfair  to  the 
future .  They  advocate  the  use  of  a  lower  '  social  discount  rate '  . 
Without  entering  the  debate  further,  we  may  reasonably  allow  for  both 
points  of  view  by  including  the  discount  rate  as  a  parameter  subject  to 
seme  sensitivity  analysis. 

We  have  incorporated  a  private  interest  rate  in  real  terms 
(that  is  abstracting  frem  the  rate  of  inflation)  of  8  percent  since 
that  is  an  approximation  of  the  historical  rate  of  return  earned  in  the 
oil  industry.  If  we  assume  a  rate  of  inflation  of  7  percent,  this 
translates  into  a  neminal  interest  rate  of  15  percent.  Even  this  may 
appear  a  bit  lew  to  seme  under  current  conditions  but  it  should  be 
remembered  that  the  rate  also  abstracts  frem  seme  major  risk 
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considerations  as  discussed  in  Section  2.2.7  above.  Furthermore,  the 
rate  is  intended  to  approximate  a  long  term  situation  not  merely 
current  conditions.  We  have  also  carried  out  the  analysis  using  a  zero 
rate  of  interest  in  deference  to  future  generations.  The  lcwer  rate 
should  result  in  more  tertiary  recovery  projects  emerging  as  profitable 
ventures  which  presumably  wauld  increase  the  welfare  of  future 
generations  by  extending  the  time  to  total  depletion  of  oil  resources. 

4.6.5  Reservoir  Development  Oasts 

The  costs  of  production  for  each  recovery  process  may  be 
categorized  as  follows: 

Capital  Costs 

•  well  drilling  and  completion  costs 

*  injection  and  production  well  equipment  costs 

•  capital  equipment  specific  to  a  particular  process  such  as 
steam  generators  for  the  steam  drive  and  steam  stimulation 
models  and  air  compressors  for  the  in  situ  combustion  model 

Operating  Oosts 

•  general  well  operation  costs 

•  operating  costs  for  equipment  specific  to  particular 
processes 

*  overhead  and  administration  costs 

Costs  of  Materials 

*  costs  of  chemical  used 

*  costs  of  miscible  injection  materials  (i.e.  CO2) 

'  costs  of  water 

In  general,  these  costs  of  reservoir  development  depend  on  the 
location  of  the  reservoir,  the  depth  of  the  pay  zone  and  the  age  of  any 
still  usable  equipment  on  the  site.  Our  cost  information  was  built  up 
in  three  areas  of  the  province  of  Alberta,  the  foothills  region,  the 
northern  region,  and  the  plains  region.  Reservoir  discovery  years 
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reported  by  ERCB  allowed  us  to  determine  the  likely  age  of  capable 
wells  in  place  which  allowed  us  to  make  seme  assumptions  about  the  pro¬ 
portion  of  wells  that  require  workovers.  Estimated  development  costs 
were  obtained  from  the  literature  and  from  a  number  of  cooperating 
equipment  and  material  suppliers  and  oil  companies  active  in  enhanced 
recovery.  The  final  cost  estimates  incorporated  in  the  model  were  then 
circulated  to  a  larger  number  of  industry  representatives  and  in  some 
cases  adjustments  were  made  according  to  the  comments  received.  The 
final  estimates  of  costs  used  in  the  study  are  given  in  Appendix  g. 

All  costs  are  levied  against  a  particular  project  in  the  year 
in  which  they  are  projected  to  occur.  Thus,  if  a  reservoir  is  devel¬ 
oped  in  several  stages,  capital  costs  will  be  allocated  to  several 
years  of  that  project  since  each  stage  starts  one  year  after  the  start 
of  the  previous  stage. 

Yearly  revenue  from  a  particular  reservoir  depends  on  the  year¬ 
ly  production  aggregated  across  all  development  stages.  This  amount  is 
simply  multiplied  by  the  assumed  price  to  get  total  revenue  in  each 
year.  When  tax  and  royalty  considerations  are  included,  the  model  cal¬ 
culates  them  according  to  the  current  federal  and  Alberta  regulations 
outlined  in  Appendix  C.  It  should  be  noted  that  whereas  in  practice 
corporate  taxes  would  be  calculated  with  due  regard  to  a  particular 
company's  overall  tax  position,  our  calculation  is  made  on  a  project- 
by -project  basis  and  as  such  presents  the  maximum  tax  effect,  that  is, 
the  possibility  of  writing  off  costs  against  other  ccrpany  income  is 
assumed  not  to  exist. 

Treating  each  project  as  an  independent  operation  and  using 

only  the  Alberta  provincial  tax  and  royalty  regulations  undoubtedly 

distorts  our  results  to  some  extent  but  nonetheless  the  exercise  is 
interesting  and  informative. 
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Footnotes 

The  basis  of  the  estimating  procedure  and  the  definitions 
used  by  the  Board  are  discussed  in  Alberta  Energy  Resources 
Conservation  Board,  Alberta's  Reserves  of  Crude  Oil,  Gas,  Natural  Gas 
Liquids  and  Sulphur  at  December  1976  ( Calgary:  Alberta  Energy 
Resources  Conservation  Board,  1977),  Report  77-18. 

2 

See  B.  Agbi,  "Enhanced  Oil  Recovery  Potential  in  Alberta 
Sandstone  Reservoirs"  (Calgary:  Petroleum  Recovery  Institute,  May 

1977),  Interim  Report  IR-6. 

3 

Lewin  &  Associates,  Inc.,  The  Potential  and  Economics  of 
Enhanced  Oil  Recovery,  prepared  for  the  Federal  Energy  Administration, 
April,  1976. 

4  Ibid . 

5  ... 

The  calculation  utilizes  a  formula  similar  to  our  formula 
for  calculating  tertiary  recovery 

1)  Soi  -  Sor 

Rw  =  - 

Soi 

where  Soi  is  initial  oil  saturation 

Sor  is  residual  oil  saturation  after  waterflood 
Rw  is  recovery  factor  for  primary  and  secondary 
recovery 

But 

2)  Soi  =  1  -  Sw 

therefore 

3)  1  -  Sw  -  Sor 

Rw  =  - 

1  -  Sw 

Also 

4)  recoverable  oil 

R^.  =  -  =  Rw  x  Rc 

total  oil  in  place 

where  Rj.  is  the  total  recovery  factor 

Rc  is  conformance  (the  proportion  of  the  reservoir 
contacted  by  the  waterflood) . 

Using  some  general  averages  for  Alberta,  based  on  discussion 
with  ERCB  staff  and  internal  reports,  R^  =  0.38,  Sw  =  0.17,  and  Sor  = 
0.33,  we  can  calculate  Rw  as  0.60  from  3)  and  Rc  as  about  0.63  from 
4). 

Since  the  general  average  used  includes  reservoirs  that  are  on 
primary  production  only,  this  number  is  fairly  conservative.  In 
addition,  we  are  concerned  here  only  with  the  better  pools  in  the 
province  (since  many  of  the  poorer  ones  have  been  screened  out)  .  Thus 
we  are  not  being  overly  generous  in  assuming  that  the  overall  sweep 
efficiency  is  approximately  70  percent. 
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^There  is,  however,  another  aspect  of  this  problem  that 
perhaps  should  be  taken  into  account.  The  reduction  in  residual 
saturation  due  to  seme  tertiary  process,  say  steam  displacement,  may 
depend  on  the  initial  saturation  when  the  process  was  initiated.  If  we 
s-'^art  with  50  percent  residual  saturation,  we  might  reduce  it  to  20 
percent,  whereas,  other  things  equal,  an  initial  residual  saturation  of 
25  percent  would  yield  zero  incremental  recovery  (in  other  words 
saturations  would  not  be  reduced  at  all)  because  of  the  mechanics  of 
steam  displacement.  This  possibility  was  considered  in  the  screening 
process  by  eliminating  reservoirs  with  low  residual  oil  saturations 
(less  than  30  percent)  after  the  current  recovery  scheme. 

7 

C.  R.  Smith,  Mechanics  of  Secondary  Oil  Recovery 

(Huntington,  New  York:  R.  E.  Krieger  Pub.  Go.,  1966). 

Q 

P.  G.  Bradley,  The  Economics  of  Crude  Petroleum  Production 
(Amsterdam:  North -Hoi land,  1967),  ch.  2.  Bradley  cites  previous 
applications  of  this  type  of  cost  measure:  T.  Marschak,  "Capital 

Budgeting  and  Pricing  in  the  French  Nationalized  Industries,"  Journal 
of  Business  33,  Jan.  1960,  p.  202,  and  J.  Hirshleiffer  and  J.  DeHaven, 
"Feather  River  Water  for  Southern  California,"  Land  Economics  33, 
August  1957,  p.  202. 

^Lewdn  and  Associates,  Inc.,  The  Potential  and  Economics  of 
Enhanced  Oil  Recovery,  p.  v-10. 

^If  instead  we  set  the  equations  equal  to  zero  and  solve 
for  the  internal  rate  of  return,  then  17  would  yield  a  real  rate,  r, 
and  18  would  yield  a  nominal  rate, 

P=  r  +  ig  +  rig 

The  riq  term  is  small  and  usually  ignored  so  we  say  that  the  nominal 
rate  of  return  is  simply  the  real  rate  plus  the  rate  of  inflation. 
Since  revenues  and  costs  are  also  increasing  by  the  inflation  factor, 
ranking  of  projects  should  be  unaffected  by  general  inflation.  This 
discussion  shows  clearly  that  general  increases  in  prices  can  have  no 
effect  on  project  ranking  by  net  present  value  (although  resulting 
rates  of  return  need  to  be  carefully  interpreted  in  the  presence  of 
inflation) . 


CHAPTER  5 


RESULTS  OF  THE  ANALYSIS- -POTENTIAL  AND  COSTS 

5 . 1  Canadian  Potential 

The  detailed  simulation  models  were  run  on  the  Alberta  reserves 
base.  Canadian  potential  was  extrapolated  from  these  results  by 
methods  explained  in  Appendix  A.  The  procedure  essentially  applied 
average  recovery  factors  for  process  groups  that  emerged  from  the 
detailed  Alberta  analysis  to  the  amount  of  oil  in  other  provinces  that 
might  reasonably  be  expected  to  be  candidates  for  those  groups .  Ihe 
procedure  took  into  consideration  whether  the  oil  was  in  sandstone  or 
carbonate  reservoirs  and  Aether  it  was  light -medium  or  heavy. 

For  example,  Saskatchewan's  10.5  billion  barrels  of  original 
oil  in  place  is  about  5.1  billion  barrels  heavy  (less  than  25°  API) 
and  5.4  billion  barrels  light -medium  (greater  than  25°  API). 

The  heavy  oil  amount  was  reduced  first  by  assumed  projected 
primary  production  of  7  percent  (see  Appendix  A)  .  The  result  was 
further  reduced  by  32  percent  since  this  was  the  average  amount  that 
failed  successfully  to  complete  the  screening  in  Alberta.  The  average 
thermal  recovery  factor  of  0.388  was  then  applied  yielding  the  estimate 
of  technical  recovery  for  heavy  oils  in  Saskatchewan.  This  amount  was 
further  reduced  by  17.2  percent,  the  percentage  of  technically  amenable 
heavy  oil  that  was  not  economic  in  the  equivalent  Alberta  base  case. 
The  procedure  was  then  repeated  for  the  5.4  billion  barrels  of 
light -medium  oil  except  that  this  was  first  divided  according  to 
whether  it  was  located  in  sandstone  or  in  carbonate  reservoirs  since 
the  average  recovery  factor  differs  in  the  two  types  of  formations. 
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The  average  recovery  factors  used  are  as  follows: 


Thermal 

0.388 

Chemical 

0.176 

Miscible 

(sandstone) 

0.154 

Miscible 

( carbonate ) 

0.199 

These  are  the  actual  recovery  factors  that  emerged  frcm  the  application 
of  the  models  to  Alberta  reservoirs. 

This  procedure  was  applied  to  Saskatchewan,  British  Cblumbia, 
and  all  other  provinces  combined  with  results  as  shown  in  Figure  5.1. 
Enhanced  oil  recovery,  given  current  technology,  current  taxes  and 
royalties,  assuming  a  $20  per  barrel  oil  price  and  allowing  industry  an 
8  percent  real  return,  could  contribute  4  billion  barrels  of  oil  to 
Canadian  supplies.  This  represents  a  67  percent  increase  over  what 
would  be  available  in  Alberta  alone,  which  may  seem  surprising  since 
Alberta  accounts  for  approximately  72  percent  of  the  oil  in  Canada. 
The  explanation  lies  in  the  preponderance  of  heavy  oil  in  Saskatchewan 
which  exceeds  even  that  in  Alberta.  Heavy  oil  reservoirs  are 
potentially  very  productive  in  tertiary  applications,  and  Saskatchewan 
can  expect  to  recover  a  billion  barrels  from  these  resources.  The 
breakdown  by  province  of  original  oil  in  place  and  projected  incre¬ 
mental  recovery  is  provided  in  Table  5.1. 

The  composition  of  this  production  is  quite  different  from  that 
in  Alberta.  As  will  be  seen  in  the  next  section,  the  Alberta  compo¬ 
sition  is  miscible  78  percent,  thermal  17  percent,  and  chemical  5 
percent.  The  composition  of  production  in  the  rest  of  the  country  will 
be  closer  to  thermal  66  percent,  miscible  34  percent,  and  chemical  0.5 
percent.  This  makes  the  overall  percentage  shares  for  Canada  became 
miscible  61  percent,  thermal  36  percent,  and  chemical  3  percent. 
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FIGURE  5.1:  Tertiary  Recovery  Potential  in  Canada  (billion  bbl ) 


ORIGINAL  OIL  IN  PLACE  AND  PROJECTED  TERTIARY  RECOVERY  BY  PROVINCE  AT  $20/BBL 

(bil lions  of  barrel s) 
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includes  Manitoba,  Territories,  Ontario,  and  other  eastern  Canada. 
^May  not  add  due  to  rounding. 
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The  potential  contribution  of  enhanced  recovery  to  daily 


production  rates  in  Canada  is  illustrated  in  Figure  5.2.  This  figure 
is  adapted  from  the  National  Energy  Board  publication  Canadian  Oil, 
Supply  and  Requirements,  September  1978.  As  indicated  in  the  figure, 
the  lcwer  area  represents  basic  established  production  from  convention¬ 
al  reserves,  pentanes  plus  reserves,  and  oil  sands.  To  this  was  added 
their  estimate  of  likely  additions  to  production  frcm  new  discoveries, 
infill  drilling  and  improved  recovery.  This  was  the  N.E.B.  base  case 
estimate  of  future  producibility  and  appears  on  Figure  5.2  as  NEB  base 
case  (there  is  also  a  high  and  a  low  forecast  but  these  are  not 
reported  here . ) 

We  adapted  the  NEB  base  case  by  subtracting  the  Board '  s  esti  - 
mate  of  additions  due  to  tertiary  recovery  and  infill  drilling  and 
adding  our  own."*"  This  is  shown  on  the  diagram  as  the  study  produci¬ 
bility  forecast. 

Our  base  case  forecast  is  seen  to  exceed  that  of  the  Board  over 
most  of  the  period  shown  and  to  make  a  significant  contribution  to  the 
indicated  requirements  for  crude  oil  and  equivalent. 

5 . 2  Alberta  Potential 

The  procedures  outlined  in  the  previous  chapters  were  applied 
to  1,372  individual  reservoirs  listed  in  Alberta's  ERCB  Report  76-18. 
The  screening  procedure  eliminated  729  reservoirs  frcm  consideration  as 
being  either  technically  unsuitable  to  enhanced  recovery  or,  while 
technically  suitable  in  general,  not  amenable  to  any  of  the  eight 
processes  under  consideration  here.  But  since  this  procedure  also 
allocated  each  reservoir  to  as  many  processes  as  were  technically 
applicable,  our  analysis  began  with  scxne  1,536  projects  of  which  951 


FIGURE  5.2:  Potential  Contribution  of  Enhanced  Recovery  to  Canadian  Oil  Production. 
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were  profitable  under  the  base  case  assumptions .  The  base  case 
assumptions  are  an  oil  price  of  $20  per  barrel,  an  8  percent  real 
discount  rate,  and  current  federal  and  Alberta  tax  and  royalty- 
regulations  . 

Many  of  the  951  profitable  projects  involved  the  application  of 
more  than  one  process  to  individual  reservoirs.  Therefore,  the  next 
step  was  to  reduce  the  data  base  by  allocating  each  reservoir  to  the 
single  process  for  which  it  appeared  most  profitable  (had  the  highest 
net  present  value) .  This  reduced  the  number  of  projects  to  643 
individual  reservoirs,  of  which  460  were  profitable  (had  a  net  present 
value  greater  than  zero  after  taxes  and  royalties)  .  The  breakdown  of 
these  projects  by  process  is  given  in  Thble  5.2. 

TABLE  5.2 

ALLOCATION  OF  RESERVOIRS  TO  ECONOMICALLY  DOMINANT  PROCESSES 
USING  NET  PRESENT  VALUE  UNDER  BASE  CASE  ASSUMPTIONS 
(number  of  reservoirs) 


Process 

Technically 

Amenable 

Technically 
Amenable  & 
Profitable 

Economically 

Dominant 

Dominant  & 
Profitable 

Chemical 

Alkaline 

119 

92 

82 

75 

Polymer 

197 

118 

52 

29 

Microemulsion 

148 

25 

17 

6 

Miscible  Gas 

Hydrocarbon 

500 

368 

337 

210 

Carbon  dioxide 

500 

296 

109 

99 

Thermal 

Steam  drive 

2 

2 

2 

2 

Steam  cycle 

5 

5 

1 

1 

In  situ  combustion 

65 

45 

43 

38 

Total 

1,536 

951 

643 

460 

aA  process  is  economically  dominant  over  another  process  that  is 
technically  possible  in  the  same  reservoir  if  it  has  a  higher  net 
present  value  (which  may  be  negative,  in  which  case  the  dominant 
process  is  not  profitable) . 
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Profitable  projects  were  then  ranked  by  net  present  value  (NPV) 
and  initiated  on  an  assumed  schedule  that  started  4  percent  of  the 
projects  each  year  for  4  years  and  14  percent  each  year  for  6  years. 
Thus,  all  projects  are  on  stream  within  10  years  with  the  lower  rate  of 
starts  in  the  early  years  intended  to  allow  industry  seme  learning 
time.  This  schedule,  though  somewhat  arbitrary,  does  not  appear 
unreasonable  and  was  derived  frem  a  basic  assumption  that  all  projects 
worthy  of  consideration  would  be  underway  by  1990.  However,  in  order 
to  see  the  effect  of  a  more  leisurely  development  schedule  we  also  used 
an  assumption  of  fewer  starts  per  year  with  all  projects  being  initi¬ 
ated  over  a  20  year  period  ending  in  the  year  2000.  This  has  no  impact 
on  the  amount  of  oil  recovered  but  does  affect  the  rate  of  recovery 
and,  because  of  the  discounting  procedure,  all  economic  results.  The 
results  of  this  variation  are  reported  in  Section  5.2.3. 

5.2.1  The  Alberta  Base  Case  Results 
Oil  price  =  $20/bbl 

Tax  and  royalty  =  current  federal  and  Alberta 

Costs  =  basic  estimate 

Discount  rate  =  8  percent  (real) 

The  triangle  in  Figure  5.3  presents  the  base  case  results.  It 

is  drawn  approximately  to  scale  by  area,  the  overall  triangle 

representing  original  oil  in  place  of  36.1  billion  barrels.  This  is 

the  ERCB  estimate  for  1976  and  does  not  include  the  major  potential 

•  •  2 

from  the  West  Pembina  region. 

The  next  contained  triangle  represents  oil  remaining  after 
ultimate  production  by  primary  and  secondary  methods.  The  Alberta 
Energy  Resources  Conservation  Board's  1976  estimate  of  11.4  billion 
barrels  recoverable  represents  an  overall  recovery  of  31.6  percent  and 
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FIGURE  5.3:  Tertiary  Recovery  Potential  in  Alberta  (billion  bbl ) 
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implies  an  ultimate  remaining  oil  in  place  of  24.7  billion  barrels. 
About  one  third  of  this  is  in  reservoirs  that  under  current  technology 
would  not  be  considered  likely  targets  for  enhanced  recovery.  The 
other  twD  thirds  (16.7  billion  barrels)  is  the  tertiary  target,  the 
ultimate  remaining  oil  in  place  in  all  reservoirs  that  successfully 
qualify  under  the  screening  procedure. 

Only  a  portion  of  this  target  will  be  recoverable.  If  costs 
are  ignored  the  technically  recoverable  portion  amounts  to  approxi¬ 
mately  3.1  billion  barrels.  However,  under  our  $20  base  case  assump¬ 
tions,  which  include  current  tax  and  royalty  regulations,  we  can  only 
expect  to  recover  2.4  billion  barrels.  This  is  14.7  percent  of  the 
target  and  represents  an  increase  in  the  Board's  estimated  overall 
recovery  of  6.6  percent  (from  31.6  percent  to  38.2  percent) . 

Current  tax  and  royalty  regulations  make  some  marginal  reser¬ 
voirs  unprofitable  from  a  private  viewpoint.  By  selectively  reducing 
the  tax  take  on  these  poorer  prospects  to  make  them  profitable  from  the 
company  viewpoint,  the  government  could  coax  out  a  maximum  of  300 
million  barrels  more.  This  would  involve  complete  removal  of  taxes  and 
royalties  for  some  of  the  least  desirable  projects.  Further  increases 
in  recovery  wauld  require  increases  in  the  price  of  oil  or  reductions 
in  production  costs  but  the  maximum  attainable  under  current  technology 
is  the  3.1  billion  technically  recoverable  amount. 

Shares  of  recovery  by  process 

Figure  5.4  illustrates  the  proportion  of  the  2.4  billion 
barrels  that  is  attributable  to  each  of  the  processes.  Lhder  the 
assumptions  used  in  our  base  case  estimate,  the  miscible  gas  processes 
appear  the  most  premising  follcwed  by  thermal  and  finally  chemical 
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processes.  This  is  in  part  explained  by  the  fact  that  a  larger 
proportion  of  reservoirs  meet  the  requirements  of  the  screening 
procedure  for  the  miscible  gas  process  than  for  the  others.  Of  the 
1,536  projects  under  initial  consideration,  65  percent  were  miscible 
gas,  30  percent  were  chemical,  and  5  percent  thermal. 

The  result  is  also  due  to  the  better  economics  of  the  miscible 
gas  processes.  Of  the  460  profitable  projects  that  emerged  frcm  the 
analysis,  67  percent  were  miscible,  24  percent  chemical,  and  9  percent 
thermal.  The  thermal  share  of  actual  oil  recovery  turns  out  to  be 
larger  than  the  chemical  share  because  the  'target'  in  heavy  oil 
reservoirs  is  significantly  larger  due  to  the  very  small  percentage  of 
primary  and  secondary  production. 

Rates  of  production 

The  rate  of  production  of  the  incremental  oil  is  indicated  in 
Figure  5.5.  The  contribution  to  daily  production  rates  peaks  in  1992 
at  656  Mb/d  (240  MMb/yr) .  The  average  production  rate  over  the  28  year 
developnent  period  is  about  235  Mb/d.  This  would  be  a  significant 
contribution  to  the  1.8  to  2.3  MMb/d  forecast  as  the  total  requirements 
for  crude  oil  and  equivalent  between  1978  and  1995  by  the  National 

r> 

Energy  Board. 

The  share  of  chemical,  thermal  and  miscible  groups  in  cumu¬ 
lative  production  over  time  is  presented  in  Figure  5.6.  The  diagram 
provides  a  forceful  illustration  of  the  relative  importance  of  the 
three  process  groups  in  ultimate  production.  It  also  provides,  to  seme 
extent,  a  visual  illustration  of  the  general  timing  of  ultimate 
production.  Thermal  processes  ccme  on  stream  first  but  are  quickly 
overtaken  in  volume  by  miscible  processes .  Chemical  production  makes 
its  contribution  somewhat  later  in  the  developnent  period. 


Production  rate  (Mlib/yr) 
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FIGURE:  5  .4:  Percentage  of  Total  Recovery  Attributable 
to  Each  Process 


FIGURE  5.5:  Tertiary  Production  Rate  Forecast  (base  case). 


Cumulative  Production  (MMbbl) 
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FIGURE  5.6: 


Distribution  of  Cumulative  Production  by  Tertiary 
Recovery  Process 
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Costs  of  tertiary  recovery 

The  specific  cost  items  applied  to  each  project  are  set  out  in 
Appendix  B.  These  items  are  classified  as  either  capital,  operating, 
or  material  costs. 

Figures  5.7  to  5.14  portray  the  relationship  among  the  various 
categories  of  costs  involved  in  the  production  of  tertiary  oil.  In  the 
figures  showing  cost  flows  per  year  we  have  added  operating  costs  and 
costs  of  materials  together  and  classified  them  as  variable  costs  of 
production.  These  variable  costs  are  seen  to  be  much  more  significant 
than  capital  costs  in  the  overall  cost  pattern.  Our  classification 
does  not  necessarily  correspond  with  what  industry  ccrrimonly  refers  to 
as  'front  end1  costs  since  that  term  lumps  capital  and  material  costs 
together  on  the  grounds  that  material  costs  (chemicals,  cost  of  water 
and  fuel  for  production  of  steam,  etc.)  generally  precede  actual 
production  and,  therefore,  are  properly  referred  to  as  being  at  the 
front  end  of  the  development  process.  However,  material  costs  do  vary 
over  time  in  the  individual  production  process  and  although  our  models 
do  not  allcw  for  this,  the  amount  of  materials  used  is  related  to 
associated  current  production  which  qualifies  them  as  variable  costs  in 
the  view  of  the  economist. 

Undiscounted  total  costs  of  $29.4  billion  (in  1978  dollars)  are 
composed  of  capital  costs  ($3.6  billion),  operating  costs  ($10.1 
billion),  and  materials  costs  ($13.5  billion)  plus  a  calculated 
residual  for  overhead  and  administration  and  risk  considerations  of 
$2.2  billion.  Discounting  at  8  percent  translates  the  costs  into  a 
present  value  of  $16  billion. 
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FIGURE  5.7 


UNDISCOUNTED  COSTS  Br  CATEGORY 
ALL  PROCESSES  (BASE  CASE) 


CAPITAL  OPERATING  COST  OF  TOTAL 

COSTS  COSTS  MATERIALS  COST 


FIGURE  5.9 

UN  DISCOUNTED  COSTS  BY  CATEGORY 
THERMAL  PROCESSES  (BASE  CASE) 


COSTS  COSTS  MATERIALS  COSTS 


FIGURE  5.8 

total  COST  BREAKDOWN.  ALL  PROCESSES 
BASE  CASE 


FIGURE  5.10 

TOTAL  COST  BREAKDOWN,  thermal  PROCESSES 
BASE  CASE 
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FIGURE  5.11 

undiscounted  costs  s t  CATEGORY 
CHEMICAL  PROCESSES  (BASE  CASE) 


CAPITAL  OPERATING  COST  OF  TOTAL 

COSTS  COSTS  MATERIALS  COST 


FIGURE  5.12 

TOTAL  COST  BREAKDOWN .  CHEMICAL  PROCESSES 
BASE  CASE 

lOOr 


TOTAL 


FIGURE  5.13 

UNOISCOUNTED  COSTS  BY  CATEGORY 
MISCIBLE  GAS  PROCESSES  (BASE  CASE) 


CAPITAL  OPERATING  COST  OF  TOTAL 

COSTS  COSTS  MATERIALS  COSTS 


FIGURE  5.14 

TOTAL  COST  BREAKDOWN.  MISCIBLE  GAS  PROCESSES 
BASE  CASE 
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The  cost  classification  for  individual  processes  is  presented 
in  the  next  chapter  (section  6.2).  The  categorization  of  costs  in  the 
chemical  and  miscible  processes  is  interesting  but  unremarkable. 
However,  the  thermal  category  requires  seme  ccrment  since  it  introduced 
a  bias  into  the  analysis.  The  bias  occurs  because  of  the  manner  in 
which  overhead  costs  are  calculated  as  a  percentage  of  capital  and 
operating  costs .  Ft>ur  percent  of  capital  costs  and  20  percent  of 
operating  costs  were  used  as  a  standard  estimate  of  overhead  costs  in 
all  models.  These  were  calculated  as  a  residual  element  and  added  to 
total  costs.  The  capital  cost  component  of  each  project,  as  discussed 
in  Appendix  B,  refers  to  fixed  equipment  (generators,  wellsite 
equipment,  etc.)  and  drilling  costs  and  is  consistent  over  all 
processes.  In  the  thermal  processes  a  problem  arises  over  whether  the 
fuel  costs  required  to  generate  steam  or  compress  air  should  be 
allocated  as  an  operating  cost  or  as  a  material  cost,  i.e.,  a  cost  of 
introducing  required  material  (steam  or  air)  into  the  reservoir.  This 
was  an  important  decision  since  these  fuel  costs  are  a  very  large 
proportion  of  the  total  costs  in  the  thermal  processes.  We  decided  to 
allocate  them  as  a  materials  cost  since  that  would  preclude  them  from 
being  incorporated  in  the  overhead  calculation  (20  percent  of  operating 
costs  only)  and  thus  prevent  inordinately  higher  overhead  charges  being 
assessed  against  thermal  projects  relative  to  chemical  and  miscible 
projects.  In  the  steam  case  we  allocate  these  costs  to  the  materials 
category  and  such  costs  therefore  do  not  inpact  on  overhead  charges. 

In  the  in  situ  combustion  case,  on  the  other  hand,  the  fuel 
requirements  for  air  compression  were  inadvertently  allocated  to 
operating  costs  which  meant  that  an  additional  20  percent  of  these 
costs  (for  overhead)  was  added  to  total  costs.  This  overhead  charge 
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turned  out  to  be  much  higher  per  project  than  that  used  for  the  other 
processes  and  we  judged  it  to  be  a  source  of  seme  bias  against  the  in 
situ  process.  This  was  a  potentially  serious  oversight  in  the  analysis 
which  did  not  beccme  apparent  until  all  sensitivity  runs  were 
ccnpl eted.  An  adjustment  similar  to  that  for  the  steam  process  would 
have  required  a  considerable  cost  of  time  and  resources  in  order  to 
repeat  the  entire  set  of  sensitivity  analyses.  Fortunately,  there  is 
an  offsetting  factor  in  thermal  generation  that  permitted  a  less 
drastic  reconciliation  of  the  problem.  The  offsetting  factor  is  the 
upgrading  costs  vhich  are  required  to  make  heavy  oils  comparable  in 
quality  to  other  oils.  The  problem  and  its  reconciliation  are 
discussed  in  detail  in  the  thermal  section  of  the  report.  The  net 
inpact  was  an  underestimation  of  potential  incremental  recovery  of  just 
less  than  4  percent  (about  100  million  barrels)  . 

Costs  and  supply 

The  relation  between  price  and  incremental  recovery  is  shown  in 
Figure  5.15  which  relates  incremental  supplies  of  oil  due  to  enhanced 
recovery  to  the  'supply  price'  associated  with  that  oil.  The  figure 
was  drawn  by  ranking  all  reservoirs  in  ascending  order  of  supply  price 
(the  average  price  per  barrel  of  oil  sold  that  is  required  to  recover 
all  costs  of  producing  that  oil) .  Increasing  prices  bring  marginal 
reservoirs  into  production  at  the  point  vhere  the  expected  market  price 
over  the  development  period  is  equal  to  or  greater  than  the  '  supply 
price',  our  calculated  break  even  cost  per  barrel.  Break  even  is  used 
here  in  the  sense  of  the  economist,  it  includes  a  return  to  capital  and 
compensation  for  entrepreneurial  risk.  The  solid  line  is  the  'real' 
supply  curve  based  only  on  actual  costs  of  production  (including 
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returns  for  capital  and  risk) .  The  dashed  line  incorporates  taxes  and 
royalties  into  the  calculation  (for  a  $20  price  of  oil)  and  indicates 
the  break  even  cost  including  this  payment  to  governments.  It  merges 
with  actual  resource  costs  after  the  supply  price  reaches  about  $20  per 
barrel  because  in  that  case  there  would  be  no  accounting  profit  and 
therefore  no  taxes  (although  royalties  are  positive  for  slightly  higher 
prices  since  they  are  based  on  gross  revenue  rot  profit) . 

Figure  5.15  thus  presents  a  relation  that  is  very  close  to  the 
notion  of  a  supply  curve  in  economics .  The  standard  supply  curve 
indicates  the  quantity  of  any  commodity  that  will  be  supplied  to  the 
market  at  various  prices  when  other  influences  on  this  quantity  are 
assumed  to  be  unchanging.  The  supply  curve  is  based  on  incremental 
(marginal)  costs  of  production  vhich  are  generally  assumed  to  increase 
as  production  increases.  That  means  that  higher  prices  are  usually 
required  to  bring  forth  larger  quantities  of  output.  That  is  precisely 
the  situation  depicted  in  Figure  5.15  except  for  one  important 
qualification.  The  supply  price  used  in  the  figure  is  really  an 
average  cost  per  barrel  over  the  entire  period  of  development  of 
particular  reservoirs  (which  ranges  from  7  to  21  years)  .  Movement  from 
one  actual  supply  price  on  the  curve  to  the  next  higher  one  brings  an 
addition  to  economic  reserves .  This  addition  is  not  immediately 
available  but  will  be  made  available  over  same  time  period.  The 
process  is  not  a  continuing  one  because  ws  are  dealing  with  a  declining 
resource.  That  is,  by  the  time  same  high  cost  reservoirs  are  able  to 
be  brought  on  stream  many  lew  cost  ones  will  be  in  the  last  stages  of 
production.  This  is  in  contrast  to  the  supply  curve  for  produced 
commodities  wherein  a  given  price  induces  production  of  some  quantity 
in  perpetuity,  as  long  as  other  things  remain  constant.  Nonetheless, 
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the  curve  in  Figure  5.15  is  useful  in  that  it  illustrates  the  ultimate 
amount  of  oil  that  may  be  expected  from  enhanced  recovery  as  increasing 
levels  of  cost  per  barrel  be  cane  acceptable  due  to  rising  market 
prices.  However,  the  ceterus  paribus  (other  things  equal)  warning  is 
particularly  relevant  here  because  the  curves  are  based  on  a  calcu¬ 
lation  of  supply  price  for  each  reservoir  using  a  discount  rate  of  8 
percent  (i.e.,  allowing  industry  an  8  percent  real  rate  of  return).  If 
we  had  chosen  to  discount  at  a  real  rate  higher  than  8  percent,  the 
curves  in  Figure  5.15  would  be  shifted  upward  since  each  project  would 
require  a  higher  price  in  order  to  cover  the  increased  return  required 
by  industry.  (This  result  is  illustrated  in  the  discussion  of  indi¬ 
vidual  process  results,  for  example  alkaline  flooding,  in  Section  6.2). 
The  impact  of  varying  the  discount  rate  on  the  calculation  of  the 
overall  average  supply  price  ($13.92)  for  the  base  case  set  of 
qualifying  reservoirs  is  illustrated  by  Figure  5.16.  Using  a  zero 
discount  rate  (implying  no  return  for  industry)  would  reduce  the  supply 
price  to  $12.22.  A  15  percent  discount  rate,  on  the  other  hand, 
implies  a  supply  price  of  $15.74. 

Economic  evaluation 

Table  5.3  summarizes  the  private  economic  implications  of  full 
scale  tertiary  development  of  2.4  billion  barrels  under  the  base  case 
assumptions  over  the  time  period  (28  years)  during  which  development 
takes  place.  The  net  value  to  industry  (in  1978  dollars)  after  taxes 
and  royalties  is  $2.45  billion,  almost  60  percent  of  which  is 
attributable  to  the  miscible  gas  processes.  The  average  price  per 
barrel  required  to  recover  all  development  and  operating  costs  is 
$13.90.  This  is  the  'supply  price'  defined  formally  in  Section  4.6. 


SUMMARY  OF  BASE  CASE  ECONOMIC  RESULTS3 
(projects  initiated  over  10  years) 
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It  ranged  from  $1.76  per  barrel  for  a  particularly  good  pool  in  the 

hydrocarbon  miscible  group  to  a  high  of  $96.05  per  barrel  for  one  of 

4 

the  polymer  projects.  The  averages  given  in  Table  5.3  are  weighted 
averages  for  profitable  pools  only,  that  is,  pools  for  which  the  supply 
price  is  less  than  the  assumed  market  price  ($20  per  barrel  in  the  base 
case) . 

The  relatively  lew  supply  price  of  $7.90  per  barrel  for  the 
chemical  group  is  interesting.  This  does  not  necessarily  imply  that 
costs  of  chemical  recovery  are  significantly  lewer  than  others  because 
the  supply  price  for  a  particular  reservoir  depends  on  both  costs  and 
productivity.  Productivity  is  a  function  of  individual  reservoir 
characteristics,  not  only  the  oil  saturation,  which  partly  determines 
incremental  recovery,  but  also  the  permeability,  pay  thickness,  oil 
viscosity,  and  pressure  conditions,  all  of  which  determine  the 
theoretical  flew  rate  which  may  affect  costs  by  requiring  additional 
drilling.  Thus,  although  it  is  true  that  the  chemical  processes  do 
have  a  smaller  initial  capital  requirement,  this  lew  supply  price  is 
also  probably  due  to  the  generally  higher  quality  of  the  particular 
reservoirs  that  emerged  as  both  economically  dominant  and  profitable. 

Calculated  internal  rates  of  return  (discounted  cash  flow  rates 
of  return)  ranged  from  0  to  176  percent.  The  rate  for  all  the  projects 
taken  together  is  17  percent.  The  thermal  processes  lead  profitability 
by  this  measure  with  a  rate  of  return  of  131  percent.  Hbwever,  this 
calculation  did  not  take  into  account  upgrading  costs  so  it  is  a 
somewhat  unfair  comparison. 

The  social  value  of  tertiary  recovery 

The  net  value  of  tertiary  recovery  to  Canada  is  potentially 
somewhat  larger  than  has  been  heretofore  indicated.  From  a  social 
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point  of  view,  taxes  should  be  irrelevant  to  the  decision  as  to  whether 
or  not  a  project  goes  ahead.  They  should  merely  transfer  some  of  the 
revenues  from  one  subset  of  citizens  to  another.  Therefore  the 
potential  value  of  tertiary  recovery  should  be  the  net  present  value  of 
all  projects  that  are  viable  when  no  taxes  are  considered.  Viable  then 
means  benefits  exceed  real  costs  of  production  regardless  of  how  the 
benefits  are  distributed. 

The  rationale  and  application  of  the  discounting  procedure  is 
also  not  straightforward  frcm  a  social  point  of  view.  Whatever  the 
rationale  for  discounting  may  be,  its  effect  is  to  assign  a  higher 
value  to  the  welfare  of  the  current  generation.  There  is  seme  basis 
for  this  frcm  the  point  of  view  of  the  individual  but  frcm  the  social 
point  of  view  it  is  not  cl ear cut ,  particularly  when  we  are  dealing  with 
a  depleting  resource.  The  issue  is  ccrrpl ex,  the  subject  of  ongoing 
discussion  in  the  literature  of  theoretical  economics,  and  it  is  not 
our  intent  to  delve  into  it  further  here .  It  is  mentioned  only  to 
introduce  Thble  5.4,  which  illustrates  seme  of  the  uncertainty  in 
identifying  the  potential  value  to  society  of  tertiary  recovery. 

TABLE  5.4 

’VIABLE'  RESERVOIRS  AND  POTENTIAL  RECOVERY 
FROM  TERTIARY  ACTIVITY 


Taxes  &  Royalties 
Not  (Considered 
Discount  Rate 


Current  Tax  &  Royalty 
Considerations 
Incorporated 
Discount  Rate 


0  3  8  0  3  8 


No.  of  viable 
reservoirs 

544 

523 

484 

530 

504 

460 

Potential 
incremental 
recovery  (MMbbl) 

2,919 

2,893 

2,706 

2,  726 

2,703 

2,407 
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A  discount  rate  of  zero  would  reflect  the  view  that  the  future 


is  as  important  as  the  present.  This  view  implies  the  largest  number 
of  viable  reservoirs  since  future  net  benefits  are  not  discounted.  A 
3  percent  rate  of  discount,  still  quite  lew,  would  reflect  sane  minimum 
risk-free  return  to  the  use  of  capital.  The  8  percent  rate  adopted  as 
our  base  case  may  be  viewed  as  being  composed  of  the  risk-free  return 

.  c: 

to  capital  plus  a  5  percent  component  to  allcw  for  risk. 

To  establish  potential  social  value  we  must  include  all  oil 
that  could  be  profitably  recovered  without  regard  to  the  tax  system. 
Within  this  category  of  Table  5.4  we  then  have  to  decide  what  rate  of 
discount  to  consider.  The  higher  the  rate,  the  fewer  the  'viable' 
projects  in  our  list  and  thus  the  lower  is  our  estimate  of  potential 
social  value.  We  have  adopted  the  conservative  8  percent  rate  to 
establish  our  potential  value  figure  on  the  grounds  that,  although 
lower  rates  of  discount  may  emerge  victorious  from  the  economic  debate, 
the  actual  decision  making  of  private  companies  will  ultimately  decide 
what  reservoirs  get  developed. 

On  this  basis  we  calculated  the  social  value  of  tertiary 
recovery  if  all  reservoirs  which  are  profitable  with  no  regard  for 
taxes  and  discounted  at  a  rate  of  8  percent,  ultimately  come  on  stream. 
Four  hundred  and  eighty  four  reservoirs  would  then  yield  2.7  billion 
barrels  of  oil  at  a  $20  per  barrel  price.  Development  of  this  oil 
would  cost  $18.7  billion  and  return  $26.1  billion  in  revenue  for  a  net 
social  benefit  to  Canada  of  $7.4  billion.  The  social  rate  of  return  on 
this  activity  would  be  29  percent,  and  the  per  barrel  supply  price 
would  be  $14.34. 

These  results  may  be  compared  to  the  realized  social  value 
under  current  tax  and  royalty  regulations  discussed  in  the  previous 
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section  (i.e.,  only  reservoirs  profitable  after  taxes  are  considered). 
Four  hundred  and  sixty  reservoirs  yield  2.4  billion  barrels  (an  11 
percent  reduction)  at  a  cost  of  $16  billion  and  returning  total  revenue 
(before  taxes)  of  $23  billion  for  a  net  social  value  of  $7  billion. 
The  social  rate  of  return  on  this  activity  is,  coincidentally,  also  29 
percent,  but  the  supply  price  is  reduced  to  $13.92  per  barrel.^  The 
lcwer  supply  price  is  attributable  to  the  elimination  of  24  higher  cost 
(though  viable)  reservoirs  by  the  tax  system.  The  elimination  of  300 
million  barrels  of  oil  with  a  net  value  of  $400  million  to  Canada  is  a 
measure  of  the  real  cost  of  the  tax  system  as  applied  to  these 
projects.  Ideally  the  tax  system  should  have  no  inpact  on  the  level  of 
production  but  should  merely  redistribute  the  net  social  value  of 
production  away  from  producers  to  society  as  a  whole.  In  actual  fact 
part  of  the  tax  system  is  somevhat  blunt  in  its  impact  with  resulting 
real  loss  of  output.  This  is  illustrated  in  Figure  5.17.  The  extent 
to  which  redistribution  can  be  accomplished  without  attendant 
reductions  in  real  production  may  be  viewed  as  a  measure  of  the 
efficiency  of  the  tax  system.  This  will  be  considered  further  in  the 
discussion  on  economic  rent  below. 

Revenue  shares 

The  realized  present  value  of  net  revenue  discounted  at  8 
percent  is  $7  billion.  The  after  tax  present  value  is  $2.45  billion. 
So  the  company  share  (which  is  in  excess  of  their  8  percent  real  rate 
of  return)  is  35  percent  with  the  twc  levels  of  government  collecting 
65  percent  of  the  discounted  value  of  tertiary  development. 

Undiscounted  revenue  and  tax  figures  yield  a  slightly  different 
result.  Total  net  revenue  from  the  projects  is  $18.7  billion  as  shown 
in  Figure  5.18.  The  corporate  share  of  this  is  $8.3  billion,  or  45 


N p V  ( MM$  ) 


FIGURE  5.17 

IMPACT  OF  THE  TAX  SYSTEM  ON  NET 
SOCIAL  VALUE  OF  TERTIARY  RECOVERY 
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FIGURE  5.18:  Shares  of  Revenue  From  Tertiary  Recovery 

(not  discounted) 
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percent.  The  total  government  share  is  $10.3  billion,  or  55  percent. 
The  federal  government  would  collect  $3.5  billion,  or  19  percent,  of 
the  total  While  the  provincial  take  is  $6.8  billion  (36  percent)  about 
85  percent  of  Which  is  in  the  form  of  royalties. 

Figures  5.19  to  5.22  show  various  flews  of  tax  and  royalty 
payments  to  the  federal  and  provincial  governments.  The  pattern  of  tax 
payments  is  skewed  somewhat  toward  the  latter  half  of  the  producing 
period.  This  reflects  both  the  pattern  of  production  and  the  fact  that 
capital  cost  deductions  are  concentrated  in  the  first  half  of  the 
period. 

Economic  rent 

Table  5.5  presents  the  revenue  and  tax  figures  for  all 
processes  in  the  base  case.  All  revenues  and  costs  are  discounted  at  a 
real  rate  of  8  percent,  which  is  approximately  equivalent  to  a  nominal 
rate  of  15  percent,  if  we  assume  a  rate  of  inflation  of  7  percent  per 
year. 


TABLE  5.5 

DIVISION  OF  NET  REVENUES  BETWEEN  INDUSTRY  AND  GOVERNMENT 

(base  case) 


Total  Net 
Revenue 
($MM) 

After  Tax 

Net  Revenue 
($MM) 

%  of 
Total 

Tax  Take 
($MM) 

%  of 
Total 

All  processes 

7,005 

2,450 

35 

4,555 

65 

Thermal 

2,191 

756 

35 

1,435 

65 

Chemical 

677 

255 

38 

422 

62 

Miscible 

4, 137 

1,439 

35 

2,698 

65 

tax  MtrnCNlS  ir.-.j  )  _  T«*  lAtnE.m  ( nni 11 
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FIGURE  5.19 

ikx  payment  ukeakuunn.  all  PA.oct.sse c • 


FIGURE  5.20 

TOTAL  TAX  rninCNTS  (rritl  tR:  hKIi.InH  jhUNlNC, 
FT.  FT.  AND  FOr,  TOR  S.l  PROCESSfC.  I'SCL  CASI 


FIGURE  5.21 

TAX  PAYMENT  BREAKDOWN .  ALL  PROCESSES 1 
PROVINCIAL  VERSUS  FEDERAL  REVENUES 


FIGURE  5.22 


tax  payment  breakdown,  all  processes’ 
ROYALTIES  VERSUS  TAXES 
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If  net  revenue  from  tertiary  recovery  turned  out  to  be  zero,  it 
would  mean  that  the  company  was  earning  an  8  percent  (real)  return. 
Assuming  that  8  percent  (15  percent  nominal)  is  sufficient  to  induce 
carpanies  to  engage  in  business  activity  (in  particular  tertiary 
recovery) ,  the  existence  of  positive  net  revenues  would  be  an  extra 
incentive,  above  what  is  required  to  induce  the  company  to  do  business. 
Any  such  payment  is  known  in  economic  terminology  as  '  economic  rent '  . 
It  may  be  viewed  as  any  payment  to  a  firm  in  excess  of  the  amount 
required  to  dissuade  that  firm  from  transferring  its  resources  to  seme 
other  activity. 

From  Table  5.5  we  see  that  the  economic  rent  is  just  over 
$7  billion  under  our  base  case  assumptions  of  $20  oil  price  and 
8  percent  discount  rate.  Since  by  assumption  companies  are  earning 
their  required  return  (8  percent) ,  this  $7  billion  should  accrue  to  the 
owners  of  the  resource,  freehold  rights  holders  or  the  general  public. 
A  major  problem  of  designing  tax  and  royalty  regulations  is  concerned 
with  hew  to  capture  this  'rent'  without  interfering  with  the  production 
process.  This  is  a  problem  because  the  amount  of  rent  depends  on  the 
productivity  of  individual  reservoirs.  If  we  design  uniform  regu¬ 
lations  to  maximize  collection  from  highly  productive  reservoirs,  less 
productive  ones  will  be  made  unprofitable  from  the  company  viewpoint 
(i.e. ,  they  will  be  unable  to  earn  their  8  percent)  and  will  remain 
undeveloped.  Another  problem  centres  on  the  fact  that  the  amount  of 
economic  rent  depends  on  the  assumed  discount  rate  ( industy 1 s  required 
rate  of  return) .  This  is  illustrated  in  Thble  5.6  where  it  can  be  seen 
that  the  larger  is  the  company's  'required'  return,  the  smaller  is  the 
economic  rent.  The  companies,  however,  receive  a  smaller  share  of  this 
reduced  'rent'  (from  45  to  13  percent  in  Thble  5.6).  Figure  5.23  shows 


VARIATION  OF  SHARES  OF  REVENUE  WITH  DISCOUNT  RATES 
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FIGURE  5.23 


DIVISION  OF  ECONOMIC  PROFIT  BETWEEN  GOVERNMENT 

AND  INDUSTRY  AT  VARIOUS  RATES  OF  RETURN  FOR  INDUSTRY 
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the  shares  of  net  present  value  that  accrue  to  government  and  industry. 
The  industry  share  (of  the  economic  rent)  is  seen  to  decline  as  the 
discount  rate  increases,  disappearing  completely  at  a  real  rate  of 
approximately  15  percent  Which  is  roughly  comparable  to  a  nominal  rate 
of  22  percent. 

Economic  rent  per  barrel  can  be  inferred  from  a  comparison  of 
discounted  average  revenue  per  barrel  (vhich  is  market  price  here  since 
we  assume  price  is  constant  over  time)  and  discounted  average  cost  per 
barrel  (Which  is  our  supply  price)  Where  the  latter  is  calculated  with 
and  without  taxes  and  royalties  included  as  a  cost.  The  calculations 
described  belcw  are  set  out  in  Table  5.7.  Since  the  calculation  also 
incorporates  the  return  required  by  industry,  the  'economic  rent'  can 
be  calculated  as  the  assumed  price  of  oil  minus  the  supply  price.  For 
our  base  case,  assuming  all  projects  begin  in  the  same  year,  the  supply 
price  is  $13.78  Which  with  a  $20.00  price  of  oil  implies  unappropriated 
economic  rent  per  barrel  of  $6.22.  With  only  royalties  added  as  a 
cost,  the  supply  price  becomes  $16.10  Which  means  $2.32  per  barrel  is 
captured  by  the  royalty. 


TABLE  5.7 

ECONOMIC  RENT  PER  BARREL 
Base  Case  ($20  per  barrel) 


Supply  Price  Based  Supply  Price  With 

on  Real  Production  Royalties  Included 

Costs  Only  as  a  Cost 

(SP)  (SPR) 

Supply  Price  With 
Royalties  and  Taxes 
Included  as  a  Cost 
(SPRT ) 

13.78 

16.10 

17.84 

Economic  Rent 

Rent  Captured 

Rent  Captured 

Non -Captured 

per  Barrel 

by  Royalty 

by  Taxes 

Rent 

(Cbmpany  Surplus) 

( Price -SP) 

(SPR-SP) 

(SPRT-SPR) 

(Price -SPRT) 

6.22 

2.32 

1.74 

2.16 
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Adding  taxes  as  a  cost  causes  the  supply  price  to  increase  to 
$17.84  which  means  another  $1.74  of  the  economic  rent  is  captured  by 
the  tax  levy.  This  leaves  $2.16  per  barrel  as  non -captured  economic 
rent  left  with  industry.  This  is  an  amount  over  and  above  the  return 
required  to  prevent  firms  frcm  abandoning  the  activity.  It  is 

O 

therefore  1  economic  rent*  as  discussed  above. 

How  to  collect  this  $2.4  billion  ($2.16  per  discounted  barrel) 
without  hampering  industry's  recovery  effort  is  a  difficult  problem 
because  of  the  variability  of  the  rent  amount  and  distribution  among 
reservoirs.  Ftor  the  most  productive  reservoir  considered  here  a  supply 
price  of  $1.76  implies  economic  rent  per  barrel  of  $18.24  of  which 
$12.57  (69  percent)  is  captured  by  taxes  and  $5.67  (31  percent)  is  left 
for  the  operator.  The  poorest  (yet  marginally  profitable)  reservoir 
has  a  supply  price  of  $19.00  meaning  rent  of  $1.00  per  barrel  of  vhiich 
the  tax  system  collects  83  percent  and  the  company  retains  only  17 
percent.  A  general  set  of  regulations  that  successfully  reduces  the 
average  amount  per  barrel  left  with  the  company  will  certainly  make 
marginal  reservoirs  unprofitable  and  reduce  the  absolute  amount  of 
tertiary  oil  available  to  the  country. 

The  company  share  of  the  excess  revenue  is  from  one  point  of 

view  an  extra  incentive  to  engage  in  a  relatively  risky  investment. 

There  may  be  seme  justification  of  this  view  given  the  nature  of  the 

technological  uncertainties  vhich  may  not  be  adequately  reflected  by 

the  structure  of  our  models.  Nonetheless  the  models  do  take  account  of 

risk  both  in  a  specific  manner  when  it  is  incorporated  in  the  estimate 

of  overhead  costs,  and  in  general  by  way  of  a  risk  component  incurred 

in  the  discount  rate.  Therefore,  it  is  also  possible  to  view  the 

excess  revenue  as  being  'left  on  the  table'  since  industry  would  have 
been  willing  to  undertake  these  projects  anyway. 
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This  tradeoff  between  rent  collection  and  interference  with  the 
production  process  should  be  a  major  concern  of  all  levels  of 
government.  Perhaps  some  consideration  should  be  given  to  regulations 
geared  to  individual  reservoirs  so  that  the  benefits  of  high 
productivity  pools  could  be  realized  by  their  owners,  the  public,  who 
would  also  be  sharing  seme  of  the  risks  of  low  productivity  reservoirs. 
This  would  involve  costs  for  both  governments  and  operators  related  to 
evaluation  and  administration.  Care  would  have  to  be  taken  to  ensure 
equity  both  in  practice  and  in  appearance.  Industry  would  undoubtedly 
react  adversely  to  the  proposal  both  because  of  the  increased  'red 
tape'  and  because  of  the  significant  potential  reduction  in  their 
'share'  of  the  rent.  However,  if  properly  balanced  by  seme  method  of 
increasing  the  share  of  risk  borne  by  the  public,  such  a  system  might 
turn  out  to  be  to  industry ' s  advantage . 

5.2.2  The  Impact  of  the  Check  on  Production 
and  Injection  Flew  fetes 

As  explained  in  Section  4.4.1,  we  incorporated  a  check  to 
ensure  that  the  flew  rates  of  oil  within  each  reservoir  implied  by  the 
assumptions  of  the  models  did  not  exceed  the  maximum  rate  implied  by 
the  characteristics  of  each  reservoir.  This  check  was  operative  in  62 
percent  of  the  reservoirs.  In  these  cases,  injection  and/or  production 
wells  required  were  increased  by  20  percent  adding  substantially  to 
development  costs.  In  some  cases  the  affected  reservoirs  remained 
profitable  in  spite  of  the  higher  costs  but  in  other  cases  they  were 
made  unprofitable.  In  many  cases  the  reservoirs  affected  were  already 
unprofitable,  but  84  reservoirs  could  have  been  profitable  at  a  $20 
price  without  the  flew  check  and  eliminating  these  reservoirs  reduced 
our  estimate  of  tertiary  recovery  by  300  million  barrels. 
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It  might  be  reasonable  to  simply  relax  the  constraint  on  flew 
rates  instead  of  eliminating  the  check  completely.  This  could  be 
justified  by  the  approximate  nature  of  the  data  involved  in  calculating 
the  theoretical  limit.  If  we  allow  the  rate  implied  by  our  models  to 
be  twice  as  large  as  the  theoretical  maximum,  the  ratio  of  theoretical 
to  actual  rates  then  must  be  less  than  or  equal  to  0 . 5 .  We  increase 
recovery  by  only  35  million  barrels  in  the  $20  base  case.  This  is 
shown  in  Figure  5.24.  However,  in  the  $15  price  case  the  impact  of 
relaxing  the  constraint  is  much  more  significant.  The  additional 
profitable  reservoirs  almost  double  ultimate  recovery  frem  921  million 
barrels  to  1,772  million  barrels,  an  increment  of  851  million  barrels. 
At  this  price,  eliminating  the  constraint  carrpletely  would  add  only 
another  82  million  barrels. 

This  result  indicates  that  there  is  a  significant  amount  of  oil 
that  is  'marginal'  at  the  $15  price.  The  cost  impact  of  the  flow  check 
makes  this  oil  uneconomic  at  that  price.  A  real  price  of  $20  per 
barrel  is  high  enough  so  that  the  extra  costs  have  little  impact  on 
ultimate  recovery. 

5.2.3  Results  of  Extending  the 
Implementation  Schedule 

Our  analysis  is  based  on  the  assumption  that  all  projects  cone 
on  stream  within  a  10  year  period.  This  arbitrary  assumption  is 
semevhat  optimistic  given  the  current  state  of  the  art  and  the  lead 
times  required  for  development  and  evaluation  of  pilot  projects.  Tb 
determine  how  optimistic,  we  carried  out  the  analysis  using  a  20  year 
implementation  period  scheduled  as  follcws: 


, 


Incremental  Recovery  (MMbbl) 
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FIGURE  5.24:  The  Impact  of  Changing  the  Limit  of 
the  Ratio  of  Theoretical  and  Actual 
Flow  Rates  (Base  Case) 


Flow  Ratio 

Limit  (F):  1.0  0.5  0.0  1.0  0.5  0.0 

PRICE  =  $15  PRICE  =  $20 

Note:  When  F  =  0.5,  the  actual  production  rate  is  allowed 
to  be  twice  the  theoretical  maximum  before  cost 
penalties  (in  the  form  of  extra  wells)  are  imposed. 
When  F  =  0.0,  the  flowcheck  is  bypassed  entirely 
(no  cost  penalties  are  imposed). 


174 


Year  1-3  4-6  7-9  10-12  13-15  16-20 

%  of  Projects 

Started  2  3  4  5  6  8 


This  would  not  be  expected  to  affect  ultimate  recovery  since 
any  profitable  project  under  the  10  year  start  up  scenario  would  also 
be  profitable  under  the  20  year  version.  However,  it  might  be  expected 
to  change  the  economic  results  since  discounting  occurs  over  a  much 
longer  time  period.  The  results  are  shewn  in  Table  5.8. 

As  expected,  net  present  value  decreased  somewhat  in  the  aggre¬ 
gate  and  for  each  process  (except  the  steam  stimulation  process  vhich 
starts  in  year  one  in  both  cases)  .  Supply  prices  and  discounted  cash 
flew  rates  of  return  increased  in  scxne  cases  and  declined  in  others, 
depending  on  the  specific  inpact  of  the  new  schedule  on  the  time 
profile  of  costs  and  production.  The  significance  of  these  results 
lies  in  their  relatively  small  magnitude.  The  economics  are  not  much 
affected  by  a  doubled  startup  schedule. 

The  variable  that  is  significantly  altered,  of  course,  is 
production  rate.  The  results  are  shown  in  Figure  5.25.  The  maximum 
aggregate  daily  production  new  peaks  at  590  thousand  barrels  per  day, 
again  in  1992.  This  is  not  inordinately  smaller  than  the  656,000 
barrels  per  day  rate  realized  in  the  10  year  case,  which  also  occurs  in 
1992.  Thus  the  overall  impact  of  allowing  an  extra  10  years  in  which 
to  initiate  projects  is  seen  to  be  fairly  minimal.  Fbr  individual 
processes  the  effect  is  more  pronounced. 


TABLE  5.8 

COMPARISON  OF  RESULTS  FOR  10  YEAR  VERSUS  20  YEAR  IMPLEMENTATION  SCHEDULE 
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The  thermal  and  miscible  production  rates  are  affected  only 
moderately,  with  peak  production  being  reduced  by  about  10  percent  in 
each  case.  In  the  chemical  process,  however,  peak  production  is 
reduced  by  almost  40  percent.  This  is  discussed  further  in  Section 
6.2. 


PRODUCT  I  ON  PF  P  DAY  (  MMHBl  ) 
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FIGURE  5.25:  Daily  Production  Rates 

(10  year  versus  20  year  start-up  period) 


All  Processes  ll0r  Thermal 
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Rxjtnot.es 

■*The  exclusion  of  their  estimate  of  additions  to  production 
due  to  infill  drilling  is  justified  on  the  basis  that  our  extensive 
estimates  of  development  activity  necessary  for  tertiary  recovery  vvould 
likely  substitute  for  infill  drilling,  not  supplement  it. 

2 

The  West  Pembina  play  emerged  in  1978  but  information  on  new 
areas  is  held  by  the  Board  for  a  period  of  one  to  two  years.  Current 
estimates  put  its  potential  up  to  0.5  billion  barrels. 

3 

Canada,  National  Ehergy  Board,  Canadian  Oil  Supply  and 
Requirements  (Ottawa:  National  Energy  Board,  September  1978),  Appendix 
L.  Requirements  are  sales  adjusted  by  net  imports,  losses  and  other 
items . 

^Actually  one  alkaline  project  came  in  at  $233.06  but  it 
represented  only  65,000  incremental  barrels  and  since  the  next  highest 
supply  price  in  alkaline  was  $44.79  we  ignored  it. 

5 

Risk  is  also  allowed  for  in  other  ways  as  discussed  in 
Section  4.6.3. 

^The  actual  rate  of  return  in  the  no -tax  case  is  28.95 
percent  and  in  this  tax  case  is  28.71  percent. 

7 

In  order  to  calculate  the  supply  price  with  taxes  and 
royalties  included  as  a  cost  we  aggregated  all  projects  as  if  they 
started  in  the  same  year  instead  of  utilizing  our  'staggered'  aggre¬ 
gation.  This  prevented  any  inconsistencies  due  to  application  of  the 
tax  procedures.  The  resulting  supply  prices  are,  however,  slightly 
lower  than  those  calculated  from  a  staggered  aggregation  since  they  are 
discounted  over  a  shorter  time  period. 

^Note  that  one  cannot  multiply  the  rent  per  barrel  calculated 
in  this  fashion  by  the  number  of  barrels  recovered  to  arrive  at  the 
economic  rent  reported  in  Table  5 . 6  because  the  units  of  measurement 
here  are  discounted  barrels  sometimes  referred  to  as  present  barrel 
equivalents. 


CHAPTER  6 


SENSITIVITY  ANALYSIS,  INDIVIDUAL  PROCESS 
RESULTS,  AND  CONSTRAINTS 

6.1  Sensitivity  Analysis 

The  sensitivity  of  the  results  were  investigated  with  regard  to 
four  critical  parameters  in  the  models:  oil  price,  recovery  factor, 
costs,  and  pattern  size.  The  first  two  of  these  affect  revenues,  the 
last  two  affect  costs  (with  pattern  size  having  a  particular  impact  on 
capital  costs).  Ultimately,  they  all  affect  net  present  value  (reve¬ 
nues  minus  costs)  and  the  pattern  of  their  impact  is  similar.  For  that 
reason  we  present  in  the  text  the  detailed  results  of  the  price  vari¬ 
ation  only.  Detailed  results  from  varying  the  other  parameters  are 
presented  in  Appendix  E. 

6.1.1  Sensitivity  of  Incremental  Recovery, 

Production  Rates,  and  Process  Shares 
to  Changes  in  Oil  Price  Assumption 

The  base  case  assumptions  of  the  previous  chapter  were  a  $20 
per  barrel  oil  price  (in  1978  dollars),  an  8  percent  real  discount 
rate,  current  estimates  of  costs,  and  current  tax  and  royalty  regula¬ 
tions.  This  section  reports  the  results  of  incorporating  two  other  oil 
price  assumptions,  namely  $15  per  barrel  and  $25  per  barrel,  also  in 
1978  dollars.  In  addition,  selected  results  of  a  $100  per  barrel  price 
assumption  are  presented  as  an  upper  bound  price  case .  Figure  6 . 1 
illustrates  the  range  of  incremental  recovery  attributable  to  differing 
price  assumptions .  A  $5  reduction  in  price  reduces  the  expected 
recovery  by  almost  1.5  billion  barrels  (62  percent).  A  similar 
increase  in  the  price  increases  potential  by  only  0.45  billion  barrels 
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INCREMENTAL  RECOVERY  ( MMBBL) 
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Figure  6.1:  The  Impact  of  Oil  Price  Increases 
on  Tertiary  Recovery. 


PRICE:  $15  $20  $25 


$100 
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(19  percent).  The  assymetry  of  these  results  reflects  the  feet  that 
between  $15  and  $20  per  barrel  there  are  a  number  of  marginal  reser¬ 
voirs.'*'  A3  the  price  moves  up  to  $20  these  marginal  reservoirs  cane 
on  stream.  Thereafter  there  is  much  less  scope  for  price  increases  to 
affect  recovery  given  current  technology.  Even  a  price  of  $100  per 
barrel  would  increase  recovery  only  to  a  maximum  of  3.1  billion 
barrels,  a  29  percent  increase  on  the  base  case.  It  should  be  noted, 
hewever,  that  a  price  increase  of  that  magnitude  would  undoubtedly 
accelerate  both  laboratory  and  field  research  with  resulting 
improvements  in  technology  that  would  quite  probably  allow  industry  to 
break  through  the  current  technological  limit. 

The  impact  of  price  changes  cn  individual  process  groups  shews 
considerable  variation.  The  incremental  recovery  associated  with 
alternate  prices  is  presented  in  Table  6.1  along  with  the  variation 
from  the  base  case  estimate,  in  percentage  terms.  A  useful  summary 
statistic,  elasticity  of  supply,  is  available  to  characterize  these 
results.  Defined  as  the  percentage  change  in  quantity  supplied  divided 
by  the  percentage  change  in  price  that  caused  it,  the  elasticity 
measure  provides  a  dimensionless  indicator  of  the  responsiveness  of 
quantity  supplied  to  changes  in  price.  Thus  it  is  useful  in  comparing 
relative  responsiveness  to  price  changes  for  different  commodities. 
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TABLE  6.1 

VARIATION  IN  INCREMENTAL  RECOVERY  WITH  PRICES 


Thermal 

Chemical 

Miscible 

Price 

IR  %  Change 

(NMbbl)  in  IR 

IR 

(MMbbl) 

%  Change 
in  IR 

IR 

(MMbbl ) 

%  Change 
in  IR 

15 

280  -31 

95 

-17 

547 

-71 

20 

407 

115 

-- 

1,885 

— 

25 

473  16 

226 

97 

2,161 

15 

Table  6. 

1  provides  the  information 

required  to 

calculate  supply 

elasticities  for  the  prices  at  vhich 

our  estimates 

v*ere  made .  The 

results  are  presented  in  Table 

6. 2. 2 

TABLE  6.: 

2 

SUPPLY  ELASTICITIES  FOR  ENHANCED  OIL  RECOVERY 

Supply  Elasticity 

(Response  of  Quantity  Supplied  to  Changes 

in  Price) 

Price  Change  Thermal 

Chemical  Miscible  All 

Processes 

15-20 

1.3 

0.7 

3.8 

3.1 

20-25 

0.7 

2.9 

0.6 

0.8 

15-25 

1.0 

1.6 

2.4 

2.0 

NOTE:  Percentage  changes  in  prices  (quantities)  are  calculated 

from  the  average  of  the  initial  and  final  price  (quantity).  Thus  the 
elasticity  (E)  is  calculated  as 

E  =  (Q2  -  Q1  t  (Q2  +  Q1)/2)  s-  (P2  -  Px  »  (P2  +  P]_)/2) 

=  %  change  in  Q  t  %  change  in  P 

Results  are  rounded  to  the  nearest  decimal. 

The  elasticities  in  Table  6.2  are  interpreted  as  follows.  An 

elasticity  less  than  1  indicates  that  the  proportional  increase  in 
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quantity  is  less  than  the  proportional  increase  in  price  that  caused 
it.  Supply  is  said  to  be  inelastic,  implying  relatively  small  response 
to  price  changes.  An  elasticity  greater  than  1  means  supply  is  elastic 
over  the  price  range  used,  implying  a  relatively  large  response  to 
price  changes.  If  the  proportional  change  in  quantity  supplied  is 
equal  to  the  proportional  change  in  price  that  caused  it,  supply  is 
said  to  exhibit  unitary  elasticity. 

In  Thble  6.2  we  see  that  the  chemical  processes  are  inelastic 
over  the  price  range  $15  to  $20,  but  respond  quite  strongly  to  the 
second  $5  increase  in  price,  from  $20  to  $25.  The  thermal  and  miscible 
gas  processes  shew  an  opposite  response,  both  being  elastic  over  the 
first  $5  price  increase  and  inelastic  over  the  second.  Over  the  full 
$10  price  range  investigated  in  the  study,  thermal  processes  exhibit 
unitary  elasticity,  and  both  chemical  and  miscible  processes  are 
elastic  with  the  latter  shewing  a  somewhat  stronger  response. 

Production  rates  associated  with  alternate  prices  are  illus¬ 
trated  in  Figure  6.2.  These  figures  show  roughly  the  same  pattern. 
The  difference  between  the  impact  on  chemical  and  on  miscible  processes 
is  clearly  depicted.  The  chemical  processes  show  a  much  greater 
response  to  price  increases  and  a  much  smaller  response  to  price 
decreases  than  the  miscible  processes.  It  appears  that  a  few  of  the 
very  highly  productive  chemical  projects  came  on  stream  at  prices  of 
$15  per  barrel  and  significant  increases  in  real  prices  are  required  to 
bring  on  the  less  productive  reservoirs. 

Table  6.3  shews  the  relationship  between  prices  and  the 
percentage  share  of  total  recovery  that  wculd  be  realized  by  each 


process . 


IfiHwUi  NOlunClld.i 
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FIGURE  6.2:  Sensitivity  of  Tertiary  Production  to 
Oil  Price  Variations 
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TABLE  6.3 

PERCENTAGE  SHARE  BY  PROCESS  OF  TOTAL  TERTIARY 
PRODUCTION  AT  ALTERNATE  PRICES 


Price 

Total  Tertiary 
Recovery 
(MMbbl) 

Thermal 

Share 

(%) 

Chemical 

Share 

(%) 

Miscible 

Share 

(%) 

15 

921 

30 

10 

60 

20 

2,407 

17 

5 

78 

25 

2,860 

16 

8 

76 

100 

3, 101 

15 

8 

77 

Shares  are  altered  significantly  toy  the  move  from  $15  to  $20 
per  barrel  tout  further  price  increases  have  little  effect.  The  thermal 
share  declines  because  the  bulk  of  the  technically  recoverable  oil  is 
profitable  at  $15  and  there  is  so  little  scope  for  absolute  increases 
in  recovery  at  higher  prices  that  the  percentage  share  of  this  process 
is  bound  to  fall.  On  the  other  hand,  the  fact  that  the  chemical 
processes  are  able  to  maintain  their  percentage  share  indicates  they 
enjoy  significant  increases  in  the  absolute  amount  of  oil  recovered. 

The  implication  of  the  response  of  recovery,  production  rates, 
and  shares  by  process  to  price  increases  my  be  summarized  as  follows. 
Increases  of  wellhead  prices  will  initially  stimulate  development  of 
the  rrore  productive  of  the  large  heavy  oil  reservoirs  subject  to 
thermal  recovery  methods.  A  parallel  but  quantitatively  more  dramatic 
response  should  be  seen  in  miscible -amenable  reservoirs.  Significant 
development  of  reservoirs  amenable  to  chemical  methods  will  be  slower 
and  more  selective  with  most  of  the  contribution  awaiting  wsllhead 
prices  almost  double  those  in  place  in  late  1979.  A  more  precise 
illustration  of  the  potential  response  of  production  to  price  changes 


, 
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is  provided  in  a  subsequent  section  on  individual  process  results. 

The  results  for  all  processes  taken  together  tend  toward  those 

of  the  miscible  processes  since  these  represent  such  a  large  proportion 

of  the  total.  The  supply  elasticity  for  all  processes  over  the  $10 

price  range  is  2.0,  which  is  an  interesting  number  being  approximately 

twice  the  elasticity  of  conventional  oil  supply  according  to  same 
•  •  3 

widely  accepted  estimates.  These  numbers  are  intended  for  rather 
general  purposes  of  comparison.  The  elasticity  measure  is  ideally 
suited  to  the  characterization  of  the  responsiveness  of  quantity  to 
very  small  changes  in  price  as  opposed  to  the  large  price  changes  of 
this  study.  Also,  the  noted  estimates  that  established  an  elasticity 
of  one  for  conventional  oil  and  gas  supply  were  based  on  much  lower 
initial  prices  than  used  here  and  would  not  necessarily  apply  new. 
With  these  caveats  in  mind,  however,  the  numbers  do  provide  some  basis 
for  comparative  perspective. 

6.1.2  Social  Value  and  Prices 

In  Section  5.2.1  the  point  is  made  that  a  reasonably  efficient 
tax  and  royalty  system  would  have  little  impact  on  real  economic 
activity,  in  the  present  context  the  production  of  tertiary  oil.  The 
direct  impact  of  the  tax  system  on  incremental  recovery  is  revealed  by 
Figure  6.3.  At  a  price  of  $20  to  $25  the  reduction  in  production  due 
to  tax-royalty  impacts  on  profitability  is  significant  but  not 
striking.  At  the  $15  price  level  the  tax  impact  reduces  production  by 
one  billion  barrels,  a  seemingly  staggering  amount.  However,  the 
eliminated  reservoirs  are  relatively  high  cost  projects  so  that  the 
reduction  in  net  social  value  is  actually  modest — less  than  that 
attributable  to  the  300  million  barrel  reduction  due  to  taxes  in  the 


base  case.  This  is  illustrated  in  Table  6.4  where  the  estimate  of  the 


INCREMENTAL  RECOVERY  (MMBBL) 


Figure  6.3:  The  Impact  of  Oil  Price  Increases 

on  Tertiary  Recovery  with  and  without 
Tax  and  Royalty  Effects. 
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social  value  of  tertiary  activity  for  the  base  case  in  Section  5.2.1  is 
canbined  with  similar  considerations  for  price  cases  of  $15  and  $25  per 
barrel .  Potential  net  social  value  is  based  on  the  profitable 
reservoirs  without  tax  considerations  while  realized  social  value  is 
based  on  the  profitable  reservoirs  under  current  tax  and  royalty 
regulations.  The  difference  measures  the  real  cost  of  the  tax  system. 


TABLE  6.4 

POTENTIAL  AND  REALIZED  SOCIAL  VALUE  INEER 
DIFFERING  PRICE  ASSUMPTIONS 
(discount  rate  =  8%) 


Price 

Potential 

Net 

Social  Value 
($billion) 

Realized 

Net 

Social  Value 
($billion) 

Change  in  Net  Social  Value 
Attributable  to  the  Inpact 
of  the  Tax  System 
($billion) 

15 

3.3 

3.0 

0.3 

20 

7.4 

7.0 

0.4 

25 

12.4 

12.3 

0.1 

The  tax  system  is  unsuccessful  in  avoiding  interference  with 
production  at  all  prices  but  its  most  adverse  impact  occurs  at  the  $15 
price  of  oil  vhere  it  would  reduce  net  potential  social  value  by  $300 
million.  This  represents  9  percent  of  the  potential  vhereas  the  larger 
$400  million  reduction  in  the  $20  price  case  is  only  5.4  percent  of  the 
potential  value. 


6.1.3  Revenue  Shares  and  Prices 

Table  6.5  shows  the  overall  division  of  revenues  discounted  at 
a  real  rate  of  return  of  8  percent  for  each  price  level.  Positive  net 
revenues  are  by  definition  economic  rent --a  return  over  and  above 
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what  is  theoretically  required  to  keep  or  attract  the  resources  to  this 
activity.  The  table  sets  out  the  division  of  the  rent  between  industry 
and  government  for  various  price  levels. 


TABLE  6.5 

DIVISION  OF  NET  REVENUE  BETWEEN  INDUSTRY 
AND  GOVERNMEtSTT  AT  ALTERNATE  PRICES 
(discount  rate  =  8%) 


Price 

Total  Net 
Revenue 

After  Tax 

Net  Revenue 

%  of 
Total 

Tax  Take 

%  of 
Total 

15 

2,989 

1,173 

39 

1,816 

61 

20 

7,005 

2,450 

35 

4,555 

65 

25 

12,327 

4,565 

37 

7,762 

63 

100 

93,331 

37,771 

41 

55,560 

59 

The  results  shew  little  variation  with  price.  Company  surplus 
profits  are  in  a  range  of  35-40  percent  of  the  total  benefit  frem 

tertiary  recovery  more  or  less  regardless  of  the  absolute  levels  of 

.  .  .  .  .  4 

profitability  due  to  a  variation  in  crude  oil  prices  alone.  Once 

again  we  see  that  the  current  tax  and  royalty  regime  is  not  finely 

tuned  as  a  progressive  schedule  on  surplus  profit  or  rent. 

6.1.4  General  Impact  of  Price  Variations 
on  Economic  Results 

The  inpact  of  varying  price  levels  on  economic  parameters  is 
set  out  in  Table  6.6.  Revenue,  taxes,  and  incremental  recovery  all 
increase  with  increased  prices  as  would  be  expected .  This  result 

holds,  however,  only  for  a  range  of  discount  rates  fron  0  to  15 

percent.  Outside  this  range  the  result  depends  on  the  timing  of  the 

additions  to  revenues  and  costs.  This  is  illustrated  ty  Figure  6.4. 


ECONOMIC  RESULTS  OF  PRICE  SENSITIVITY  ANALYSIS 
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FIGURE  6.4:  Variation  of  Realized  After  Tax  Net  Present  Value 

(at  alternate  oil  prices)  with  Assumed  Discount  Rates 
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These  figures  show  how  industry's  economic  profit  declines  as  the 
assumed  rate  of  discount  (required  rate  of  return)  increases.  The 
result  is  presented  for  all  three  assumed  oil  price  levels.  The  shape 
of  the  curves  differs  for  different  prices  since  each  price  involves  a 
different  set  of  viable  projects  with  differing  streams  of  net  profit 
over  time.  This  leads  to  an  interesting  result  vhich  can  be  illus¬ 
trated  with  the  help  of  Figure  6.4,  All  Processes.  There  the  econcmic 
profit  curves  for  the  $15  and  $20  cases  intersect  at  a  discount  rate  of 
about  13  percent.  This  means  that  at  a  13  percent  discount  rate  the 
net  present  value  of  the  projects  profitable  at  a  $15  oil  price  is  the 
same  as  the  net  present  value  of  the  projects  profitable  at  a  $20  oil 
price.  And  this  is  the  case  in  spite  of  the  fact  that  the  undiscounted 
value  of  the  $15  projects  is  less  than  one  half  that  of  the  $20 
projects.  The  latter  price  generates  a  larger  set  of  projects  but  the 
additional  reservoirs  have  associated  higher  costs  of  development,  the 
timing  of  which  causes  net  present  value  to  decline  at  a  higher  rate 
with  increasing  rates  of  discount.  The  thermal  processes  do  not 
exhibit  this  tendency  because  they  involve  the  same  set  of  projects 
(and  therefore  costs)  in  all  price  cases  since  they  are  profitable  even 
at  the  lowest  price  assumed  here. 

Supply  prices  vary  directly  with  oil  prices  and  with  assumed 
discount  rates  across  the  entire  range  of  discount  rates  as  shown  in 
Figure  6.5.  This  is  an  expected  result  since  higher  prices  allow 
higher  cost  reservoirs  to  come  on  stream,  increasing  the  amount 
required  to  recover  all  costs  per  barrel. 

The  internal  rate  of  return  varies  unpredictably  since  both 
costs  and  revenues  increase  with  higher  prices.  The  emerging  rate  that 
equates  the  present  value  of  these  two  is  dependent  on  the  timing  as 


. 
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FIGURE  6.5: 


Variation  of  Supply  Price  Calculation  (at  alternate  oil 
prices)  with  Assumed  Discount  Rate 
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well  as  the  magnitude  of  the  additions  and  no  systematic  variation 
would  be  expected. 

6.2  Individual  Process  Results 

Two  kinds  of  analysis  were  applied  to  the  results  of  individual 
reservoir  evaluations.  First  we  considered  each  process  on  its  cwn, 
that  is,  technically  acceptable  reservoirs  were  sinply  checked  for 
profitability  (NPV  greater  than  0).  A  reservoir  could,  therefore, 
qualify  under  two  or  more  processes.  This  procedure  indicates  the 
maximum  potential  for  each  process. 

Next  we  allocated  each  reservoir  to  its  economically  dominant 
process,  that  process  which  provides  the  highest  net  present  value.  In 
the  first  procedure,  since  many  reservoirs  were  amenable  to  more  than 
one  process,  we  had  a  total  of  1,536  projects  under  consideration. 
After  trirrming  this  number  dcwn  to  economically  dominant  pools  we  were 
left  with  643  reservoirs,  460  of  which  are  profitable  at  a  price  of  $20 
if  regular  taxes  and  royalties  are  charged  against  them. 

The  former  procedure  provides  useful  perspective  for  our 
analysis  of  the  profitable  potential  for  each  process.  For  example, 
polymer  augmented  waterflooding  could  be  profitable  in  197  reservoirs 
but  in  145  of  these  some  other  process  dominates.  If  for  seme  reason 
these  other  processes  are  found  unworkable  we  would  still  have  the 
profitable  option  of  polymer  available.  The  latter  procedure  results 
in  our  forecast  of  what  is  likely  to  be  the  amount  of  tertiary  recovery 
by  various  processes  given  current  technology  and  costs. 

In  the  earlier  chapters  our  analysis  concentrated  on  the 
economically  dominant  reservoirs  in  each  process  only.  This  section 
provides  a  brief  comparison  of  the  forecast  potential  of  each  process 
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and  the  maximum  potential  by  process.  The  forecast  potential  emerges 
after  economic  dominance  by  process  is  established.  The  maximum 
potential  of  each  process  emerges  from  considering  only  technical  and 
economic  feasibility.  Both  forecast  and  maximum  potential  would,  of 
course,  increase  at  higher  prices  of  oil.  However,  all  results 
discussed  in  Section  6.2  relate  to  the  base  case  with  its  assumed  oil 
price  of  $20  per  barrel  and  discount  rate  of  8  percent. 

6.2.1  Chemical  Processes 

Incremental  recovery 

Microemulsion,  polymer,  and  alkaline  floods  dominate  in  151 

reservoirs  and  are  profitable  in  110  of  these  under  our  $20  price  and  8 

percent  discount  rate  assumptions.  Polymer  accounts  for  15  million 

barrels,  alkaline  for  93  rmillion  barrels,  and  microemulsion  for  6 

5 

million  barrels  in  our  base  case.  The  total  of  approximately  114 
million  barrels  represents  about  5  percent  of  total  potential. 

Alkaline  flooding  dominates  in  82  reservoirs  but  could  be 
applied  to  119,  92  of  which  would  be  profitable  at  a  $20  price. 
Maximum  recovery  would  be  113  million  barrels,  an  increase  of  19 
million  barrels  over  vhat  the  alkaline  economically  dominant  reservoirs 
alone  would  produce. 

The  polymer  process  is  a  possibility  in  197  reservoirs  of  which 
118  would  be  profitable  at  the  $20  price,  increasing  polymer  recovery 
from  15  million  barrels  (in  our  base  case)  to  42  million  barrels. 

Although  microemulsion  flood  is  largely  dominated  by  other 
processes,  it  is  a  technical  possibility  in  148  reservoirs,  25  of  which 
would  be  profitable  at  the  $20  price.  Maximum  incremental  recovery 
would  increase  from  6  to  74  million  barrels. 

Competitive  and  full  potential  is  illustrated  for  each  process 
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in  Figure  6.6.  This  figure  shows  clearly  the  significant  potential  of 
the  microemulsion  process  which  is,  however,  seriously  dominated  by 
other  processes  in  an  economic  sense.  Successful  reduction  of  costs  of 
the  surfactant  could  increase  the  economic  potential  of  this  process 
significantly  since  it  is  technically  superior  in  its  ability  to 
displace  oil. 

Production  rates 

Eaily  production  rates  for  the  chemical  processes  are  shown  in 
Figure  6.7.  The  solid  lines  show  the  rates  that  wculd  emerge  frcm  a  10 
year  implementation  schedule  vhile  the  dashed  lines  show  the  rates  if  a 
20  year  implementation  schedule  is  followed.  The  following  discussion 
assumes  that  the  highest  ranked  projects  would  get  underway  by  1981. 

For  alkaline,  in  the  10  year  case  production  begins  in  1982, 
peaking  in  1991  at  33  Mb/d  (12  MMb/yr)  and  continuing  at  declining 
rates  to  the  year  2000.  The  20  year  implementation  schedule  also  has 
production  beginning  in  1982  but  it  peaks  10  years  later  at  21  Mb/d 
(8  MMb/yr)  and  continues  an  extra  9  years  to  2009. 

For  polymer,  the  10  year  scenario  has  production  over  the  20 
year  period  between  1983  and  2002.  Production  rates  peak  in  1992  at  5 
Mb/d  (2  MMb/yr) .  The  20  year  scenario  begins  production  in  1986,  peaks 
in  1997  at  3  Mb/d  (1  MMb/yr)  and  terminates  in  2009. 

The  microemulsion  process  is  the  most  affected  by  extending  the 
implementation  schedule.  With  10  year  start  up  production  begins  in 
1989,  peaks  in  1992  at  4  Mb/d  and  terminates  in  1998.  TWenty  year 
start  up  delays  the  first  production  until  1995.  Production  then  peaks 
in  1999  at  3  Mb/d  and  terminates  in  2008. 


INCREMENTAL  RECOVERY  (MMBBL) 
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FIGURE  6.6:  Competitive  Potential  Versus  Full  Potential 
Chemical  Processes  - 


COMPETIVE  POTENTIAL 


FULL  POTENTIAL 


NOTE:  Base  case  comparison  of  the  'competitive  potential'  of 

each  process  when  it  is  limited  by  competition  from  other 
processes  that  dominate  it  economically  with  the  'full 
potential'  of  each  assuming  no  competition  from  other 
processes . 


PRODUCTION  PER  DAY  ( MMBBt ) 
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FIGURE  6.7:  Daily  Production  Rates 

(10. year  versus  20  year  start-up  period) 
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Costs  of  development  and  operation 

A  significant  proportion  of  the  costs  of  developing  any  of  our 
projects  depended  on  the  reaction  to  the  flow  check.  Failure  to 
satisfy  this  constraint  automatically  led  to  a  20  percent  increase  in 
wells  drilled,  increasing  capital,  operating  and  overhead  charges  for 
every  well  affected  in  the  base  case  (and  all  other  cases  except 
special  ones  designed  specifically  to  investigate  the  impact  of  the 
flew  check  as  reported  in  Section  5.2.2).  The  impact  of  the  flew  check 
on  the  chemical  reservoirs  is  set  out  in  Table  6.7. 


TABLE  6.7 

IMPACT  OF  FLOW  CHECK  BY  PROCESS 


Economically 

Dominant 

No.  of 
Reservoirs 

Reservoirs  With  Increased 
Drilling  Due  to  Flow  Check 

Percentage  of 
Reservoirs 
Affected 

Production 

Injection 

Total 

Alkaline 

82 

2 

20 

20 

24 

Polymer 

52 

22 

49 

49 

94 

Microemul sion 

17 

0 

13 

13 

76 

Total 

151 

24 

82 

82 

54 

The  table  shews  that  both  polymer  and  microemulsion  processes 


were  greatly  affected  by  the  production  constraint  and  costs  were 
increased  significantly  above  what  they  would  have  been  in  its 
absence . 

The  cost  breakdown  by  category  and  the  flew  of  costs  over  the 
development  period  are  presented  in  Figures  6.8  to  6.15  for  individual 
processes  and  the  chemical  group  as  a  whole.  The  figures  showing  the 
yearly  cost  flows  combine  operating  costs  and  costs  of  materials  and 
plot  the  sum  as  variable  costs  of  production.  In  these  diagrams  fixed 
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FIGURE  6.9 

TOTA,.  COST  BREAKDOWN  ,  CHE n!  CAL  PROCESSES 
BASE  CASE 


FIGURE  6.8 

UN01 $  COUNTS  D  COSTS  BT  CATEGORY 
CHEMICAL  PROCESSES  (BASE  CASE) 
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FIGURE  6.10 


FIGURE  6.11 


UNDISCOUNTED  COSTS  BY  CATEGORY 
ALKALINE  FLOOD  (BASE  CASE) 
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FIGURE  6.13 

TOTAL  COST  BREAKDOWN,  POL  r  me  r  flood 
BASE  CASE 


FIGURE  6.12 

UNDISCOUNTED  COSTS  Sr  CATEGORY 
POLtHER  FLOOD  (BASE  CASE) 
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FIGURE  6.15 

TOTAL  COST  BREAKDOWN  ,  MI C ROE MULS I  ON  FLOOD 
QASE  CASE 


FIGURE  6.14 

UN  DISCOUNTED  COSTS  BY  CATEGORY 
MICROEMULSION  FLOOD  (BASE  CASE) 


CAPITAL  OPERATING  COST  OF  TOTAL 

COSTS  COSTS  MATERIALS  COSTS 
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capital  costs  are  seen  to  be  relatively  snail  compared  to  the  variable 
production  costs.  As  expected,  materials  cost  is  by  far  the  most 
important  in  the  microesnulsion  process.  Successful  reduction  of 
surfactant  costs  through  economies  of  large  scale  production  could  make 
this  a  very  attractive  process  in  future. 

Costs  per  barrel  ever  the 

development  period 

Section  4.6  establishes  the  theoretical  basis  of  the  supply 
price  vhich  is  an  amount  per  barrel  that  must  be  received  over  the  life 
of  each  project  if  all  real  costs  of  production  are  to  be  recovered. 
Each  reservoir  will  have  a  unique  supply  price  vhich  depends  on  the 
general  quality  of  the  reservoir.  If  we  define  a  'market  price'  as  the 
average  revenue  per  barrel  that  is  actually  received  over  the  develop¬ 
ment  period,  then  whenever  the  market  price  is  greater  than  or  equal  to 
the  supply  price  for  a  particular  reservoir  that  reservoir  will  be 
profitable  and  will  be  brought  on  stream.  For  each  reservoir  that  is 
brought  on  stream  we  have  an  estimate  of  original  oil  in  place  (OOIP), 
remaining  oil  in  place  (ROIP)  after  ultimate  primary  and  secondary 
recovery  operations  are  carpi  ete,  and  incremental  recovery  (IR)  due  to 
tertiary  efforts.  Figure  6.16  depicts  the  relation  between  the  supply 
price  and  these  three  magnitudes. 

Supply  prices  for  the  alkaline  group  ranged  from  $3 . 02  to 

$44.79,  with  the  overall  weighted  average  supply  price  for  reservoirs 

£ 

profitable  at  a  $20  market  price  being  $6.64.  in  the  polymer  groups 
the  range  was  from  $4.08  to  $96.05  with  an  overall  supply  price  of 
$12.70  for  profitable  reservoirs.  The  microemulsion  supply  prices 
ranged  frem  $16.15  to  $64.87  but  vhen  only  the  profitable  reservoirs 
were  included  the  average  was  $17.68.  The  relative  high  costs  of  the 
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FIGURE  6.16:  SupDly  Price  and  Incremental  Recovery 
IR:  Incremental  Recovery 
ROIP:  Remaining  Oil  in  Place 
OOIP:  Original  Oil  in  Place 
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microemalsion  process  are  again  apparent. 

If  we  calculate  taxes  and  royalties  for  each  project  based  on  a 
particular  price  ($20)  then  ws  can  incorporate  this  amount  into  the 
supply  price  calculation  to  get  an  overall  average  amount  per  barrel 
required  for  the  company  to  realize  its  required  return  (8  percent  real 
or  15  percent  nominal  in  this  case).  Figure  6.17  presents  the  results 
of  that  exercise,  the  dashed  line  representing  the  supply  price 
calculated  with  taxes  and  royalties  considered  as  a  cost.  This  line 
eventually  merges  with  the  initial  line  because  when  the  'real'  supply 
price  exceeds  $20  per  barrel,  taxes  are  eliminated.  The  dashed  line 
therefore  is  really  relevant  only  to  the  particular  price  under  vhich 
the  tax  calculation  is  made  and  it  essentially  shows  the  extra  cost  per 
barrel  that  the  tax  system  imposes  on  the  operator . 

Social  value  and  division 

of  revenue 

The  value  of  production,  its  distribution  and  social  and 
private  rates  of  return  for  the  chemical  group  is  shown  in  Table  6.8. 
The  company  share  rises  to  46  percent  in  the  polymer  case  but  overall 
remains  in  the  usual  range  (at  38  percent) .  Before  and  after  tax  rates 
of  return  indicate  alkaline  is  the  most  profitable  with  polymer  a  close 
second  and  the  high  cost  microemulsion  group  a  poor  third. 
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FIGURE  6.17:  Required  Cost  per  Barrel  of  Additions  to  Petroleum  Reserves 
through  Enhanced  Oil  Recovery 
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TABLE  6.8 

REVENUE  SHARES  AND  RATE  OF  RETURN  AT  AN  OIL  PRICE  OF  $20 
AND  ASSUMING  AN  8  PERCENT  DISCOUNT  RATE 
CHEMICAL  PROCESSES 


Realized 
Net  Social 
Value 
($MM) 

Operator 

Net  Present 
Value 
($MM) 

Tax 

Take 

($MM) 

Social 
Rate  of 
Return 
(%) 

Private 
Rate  of 
Return 
(%) 

Chemical 

678 

255 

423 

68 

37 

Alkaline 

621 

229 

392 

72 

41 

Polymer 

50 

23 

27 

48 

30 

Micr  oernul  s  ion 

7 

3 

4 

13 

10 

6.2.2  Miscible  Processes 

Incremental  recovery  and  rates 

of  production 

Hydrocarbon  and  carbon  dioxide  miscible  processes  dominate  in 
446  reservoirs  and  are  profitable  in  309  of  these.  Carbon  dioxide 
miscible  accounts  for  533.8  million  barrels  and  hydrocarbon  miscible 
for  1,352  million  barrels,  which  combined  represents  about  78  percent 
of  the  total  potential  for  tertiary  recovery. 

Carbon  dioxide  flooding  is  largely  dominated  by  the  hydrocarbon 
miscible  process  but  it  could  be  applied  in  500  reservoirs,  profitable 
(at  $20)  in  296  of  these  for  a  maximum  incremental  recovery  of  830 
million  barrels,  or  297  million  barrels  mere  than  indicated  in  the  base 
case  forecast  which  includes  only  profitable  reservoirs  that  have  the 
highest  net  present  value  (are  dominant) . 

Hydrocarbon  miscible  also  could  be  applied  in  500  reservoirs 
and  would  be  profitable  in  368  of  them  providing  a  maximum  possible 
hydrocarbon  recovery  potential  of  2,122  million  barrels  or  770  million 
more  than  is  available  from  only  the  hydrocarbon  dominant  pools. 
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Competitive  potential  versus  full  potential  is  shown  in  Figure 
6.18.  For  the  most  part  these  two  processes  are  in  competition  with 
each  other,  particularly  in  the  carbonate  regions.  If  either  of  them 
proved  unworkable  the  other  would  likely  expand  to  meet  its  full 
potential.  Production  rates  for  the  10  and  20  year  start  up  cases  are 
shewn  in  Figure  6.19. 

Relatively  speaking,  the  longer  implementation  period  has  very 
little  impact  on  the  production  profile.  For  carbon  dioxide  processes, 
in  both  cases  production  begins  in  1993  but  in  the  20  year  case  it 
lasts  8  years  longer,  terminating  in  2011.  Peak  production  hits  150 
Mb/d  in  1992  in  the  10  year  start  up  case  and  133  Mb/d  in  1993  in  the 
20  year  case.  Similar  results  are  found  for  the  hydrocarbon  miscible 
case.  Both  cases  peak  in  1992  but  the  20  year  case  continues  produc¬ 
tion  until  2017,  9  years  beyond  the  10  year  case.  At  the  peak  there  is 
only  34  Mb/d  difference  in  the  two  cases,  378  versus  344  Mb/d. 

Carbonate  versus  sandstone  reservoirs 

About  47  percent  of  the  original  oil  in  place  in  Alberta  was 
contained  in  carbonate  reservoirs.  These  reservoirs  are  generally  less 
permeable  and  this  and  other  technical  reasons  make  the  miscible  gas 
processes  the  most  likely  to  be  used.  The  carbonates  then  v«re  checked 
for  viability  with  the  carbon  dioxide  and  hydrocarbon  miscible 
processes  only.  Thble  6.9  sets  out  the  split  in  potential  for  these 
processes  between  carbonates  and  sandstones.  The  percentage  split 
within  the  miscible  processes  and  including  all  process  groups  is  shown 
in  Figures  6.20  and  6.21. 

Although  there  are  a  larger  number  of  reservoirs  in  the 
carbonate  group  the  somewhat  lewer  productivity  due  to  lewer  oil  in 
place  and  tighter  formations  reduces  their  ultimate  potential  below 
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FIGURE  6.18:  Competitive  Potential  versus  Full  Potential 

(Miscible  Gas  Processes) 


C02  MISCIBLE  HYDROCARBON 

&  IMMISCIBLE  MISCIBLE 


lllllil!  COMPETITIVE  |g§||  FULL 

.  POTENTIAL  v  POTENTIAL 

Note:  Base  case  comparison  of  the  'competitive  potential'  of 

each  process  when  it  is  limited  by  competition  from  other 
processes  that  dominate  it  economically  with  the  'full 
potential'  of  each  assuming  no  competition  from  other 
processes. 
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FIGURE  6.19:  Daily  Production  Rates 

(10  year  versus  20  year  start-up  period) 
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FIGURE  6.20:  Carbon  Dioxide  and  Hydrocarbon  Miscible  Potential 
Sandstone  versus  Carbonate  Reservoirs 


FIGURE  6.21: 


Shares  by  Recovery  Process  of  Ultimate 
Tertiary  Recovery 


NOTE:  The  chart  illustrates  the  proportion  of  ultimate  recovery 
attributable  to  each  process  after  economic  dominance 
criteria  have  been  applied.  The  potential  for  chemical 
flooding,  for  example,  may  be  higher  than  indicated  on  the 
diagram  but  many  of  the  eligible  pools  are  less  profitable 
under  our  assumptions  regarding  production  and  costs  than 
if  developed  using  the  hydrocarbon  miscible  processes. 
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that  of  the  sandstone  group. 

Costs  of  development  and  operation 

Again  the  flew  check  was  operative  in  a  large  percentage  of 
reservoirs  as  shown  in  Table  6.10.  Gost  estimates  are  increased 
accordingly  as  20  percent  more  wells  are  drilled.  The  percentage  of 
reservoirs  affected  is  significantly  higher  in  the  carbonate  reservoirs 
(due  to  generally  lower  permeability) ,  thus  other  costs  and 
profitability  were  affected  to  a  greater  extent.  This  was  a  factor  in 
reducing  carbonate  potential  below  that  of  the  sandstone  reservoirs. 


TABLE  6.10 

IMPACT  OF  FLOW  CHECK  BY  PROCESS 


Economically  Reservoirs  With  Increased  Percentage  of 
Dominant  Drilling  Due  to  Flew  Check  Reservoirs 

No.  of  -  Affected 

Reservoirs  Production  Injection  Total  (%) 


CC>2  ( Sandstone ) 

35 

11 

22 

22 

63 

CC>2  ( Carbonate ) 

74 

32 

59 

59 

80 

C02  (Total) 

109 

43 

81 

81 

74 

HC  ( Sandstone ) 

148 

24 

82 

82 

55 

HC  ( Carbonate ) 

189 

98 

157 

157 

83 

HC  (Total) 

337 

122 

239 

239 

71 

Miscible  (Total) 

446 

165 

320 

320 

72 

Und i s counted  cost 

categories 

and  the  flew 

of  these 

costs  over 

time  is  set  out  in  Figures  6.22  to  6.25.  Fixed  capital  costs  again 
emerge  as  a  relatively  small  component  compared  to  variable  costs 
composed  of  operating  costs  and  costs  of  materials . 


' 

(MM  t) 
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FIGURE  6.23 


T.QTAL  COST  EREAKDO-..  .  CARBON  DIOXIDE 
BASE  CASE 


FIGURE  6.22 


UNO! SCOUNTEO  COSTS  BY  CATEGORY 
CARBON  OIOXIDE  MISCIBLE  (BASE  CASE) 


CAPITAL  OPERATING  COST  OF  TOTAL 

COSTS  COSTS  MATERIALS  COSTS 


FIGURE  6.25 


TOTAL  COST  BREAKDOWN,  HYDROCARBON  MISCIBLE 
BASE  CASE 
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FIGURE  6.24 

UN  DISCOUNTED  COSTS  BY  CATEGORY 
HYOROCARBON  MISCIBLE  (BASE  CASE) 
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Costs  per  barrel  ever  the 
development  period 

The  relation  between  supply  price,  original  oil  in  place 
(OOIP),  remaining  oil  in  place  (ROIP),  and  incremental  recovery  (IR) 
for  reservoirs  that  would  acme  on  stream  as  market  prices  reach  each 
pool's  supply  price  is  shown  for  each  process  in  Figure  6.26.  Table 
6.11  shows  the  range  of  supply  prices  and  the  overall  supply  price  for 
the  two  miscible  processes  in  both  carbonate  and  sandstone  reservoirs. 
Supply  prices  versus  incremental  recovery  with  taxes  and  royalties 
included  as  a  cost  element  are  shown  in  Figure  6.27. 


TABLE  6.11 

SUPPLY  PRICES  IN  THE  MISCIBLE  GAS  PROCESSES 


Overall  Supply  Price 
For  Profitable 
Reservoirs  Only 
($/bbl) 

Minimum 

Supply  Price 
($/bbl) 

Maximum 
Supply  Price 
($/bbl) 

Sandstone 

C°2 

7.67 

3.90 

32.34 

Hydrocarbon 

15.93 

1.76 

57.77 

Carbonate 

C°2 

15.65 

4.65 

22.64 

Hydrocarbon 

13.47 

7.65 

82.02 

Social  benefits  and  distribution 

The  social  benefit  from  projects  that  would  actually  go  ahead 
under  present  regulations  is  presented  in  Table  6.12.  The  company 
share  of  the  economic  rent  is  39  percent  for  the  hydrocarbon  miscible 
process  but  only  26  percent  for  the  carbon  dioxide  process.  The 
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FIGURE  6.26:  Supply  Price  and  Incremental  Recovery 
IR:  Incremental  Recovery 
ROIP:  Remaining  Oil  in  Place 
00IP:  Original  Oil  in  Place 
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FIGURE  6.27:  Required  Cost  per  Barrel  of  Additions  to  Petroleum 
Reserves  Through  Enhanced  Oil  Recovery 
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overall  split  for  the  miscible  group,  however,  maintains  the  usual 
35-65  division. 


TABLE  6.12 

REVENUE  SHARES  AND  RATE  OF  RETURN  AT  $20  OIL  PRICE 
AND  8  PERCENT  DISCOUNT  RATE 
MISCIBLE  PROCESSES 


Realized 
Net  Social 
Revenue 
($MM) 

Operator 

Net  Present 
Value 
($MM) 

Tax 

Take 

($MM) 

Social 
Rate  of 
Return 
(%) 

Private 
Rate  of 
Return 
(%) 

Miscible 

4,137 

1,439 

2,698 

20 

13 

c°2 

1,227 

315 

912 

18 

12 

Hydrocarbon 

2,910 

1,124 

1,786 

20 

14 

6.2.3  Thermal  Processes 

Incremental  recovery 

The  thermal  processes:  steam  drive,  cyclic  steam  stimulation 
and  in  situ  combustion,  are  economically  dcminant  in  46  of  the  643 
reservoirs  and  profitable  in  41  of  these.  They  account  for  90,  101  and 
216  million  barrels  respectively  in  the  base  case  with  discounting  and 
taxes.  This  is  about  17  percent  of  the  total  potential. 

However,  the  maximum  potential  for  each  process  is  higher  than 
these  figures  indicate.  If  other  processes  prove  infeasible  for  some 
reason,  then  thermal  processes  could  be  applied  in  more  reservoirs. 

The  potential  for  steam  drive  is  concentrated  in  twc  reservoirs 
which  are  dominant  and  profitable  under  base  case  assumptions.  There¬ 
fore,  the  maximum  potential  for  steam  drive  is  the  same  as  our  forecast 
share  (90  million  barrels  or  3.7  percent). 

With  cyclic  steam  stimulation,  five  reservoirs  could  profitably 


. 
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be  developed  but  only  one  is  economically  dominant.  Therefore  the 
forecast  share  of  steam  cycle  (101  million  barrels)  is  less  than  the 
maximum  possible.  The  maximum  potential  is  139  million  barrels,  an 
increase  of  38  percent. 

In  situ  combustion  is  economically  dominant  in  43  reservoirs  of 
vhich  38  are  profitable.  But  it  could  be  used  in  65  reservoirs  of 
which  45  would  be  profitable  at  a  $20  price,  increasing  incremental 
recovery  by  206  million  barrels. 

Competitive  potential  versus  full  potential  is  shown  in  Figure 
6.28.  These  heavy  oil  projects  do  not  in  general  compete  with  chemical 
or  miscible  projects  so  the  extra  potential  of  in  situ  is  made  up 
largely  of  the  existing  steam  drive  and  steam  cycle  processes. 

Production  rates  for  the  10  year  versus  20  year  start  up 
scenarios  are  shown  in  Figure  6.29.  Steam  cycle  shows  only  one  produc¬ 
tion  profile  because  the  pool  acmes  on  stream  at  the  same  time  in  both 
cases.  The  effect  on  steam  drive  production  is  likewise  almost  indis¬ 
tinguishable  since  all  that  happens  is  that  the  smaller  pool  is  set 
back  one  year.  The  in  situ  combustion  production  flew  is  more  notice¬ 
ably  affected  by  a  20  year  implementation  schedule,  starting  one  year 
later,  lasting  one  year  longer,  and  with  peak  daily  production  rates  9 
Mb/d  greater  than  the  10  year  case. 

Costs  of  development  and  operation 

The  flow  check  did  not  apply  to  the  thermal  processes  because 
one  of  the  parameters  in  that  check  is  viscosity  and  the  rrajor  impact 
of  the  thermal  processes  is  to  alter  viscosity.  Since  ws  did  not  think 
it  reasonable  to  forecast  just  how  much  viscosity  would  be  changed  and 
since  we  are  dealing  with  quite  small  pattern  sizes,  we  decided  to 
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FIGURE  6.28:  Competitive  Potential  versus  Full  Potential 

(Thermal  Processes) 


STEAM  DRIVE  STEAM  CYCLLE  IN-SITU  COMBUSTION 


COMPETITIVE  POTENTIAL 


jUgg  FULL  POTENTIAL 


NOTE:  Base  case  comparison  of  the  'competitive  potential'  of  each 

process  when  it  is  limited  by  competition  from  other  processes 
that  dominate  it  economically  with  the  'full  potential'  of 
each  assuming  no  competition  from  other  processes. 
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FIGURE  6.29:  Daily  Production  Rates 

(10  year  versus  20  years  start-up  period) 
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forego  the  flow  check  for  the  thermal  group. 

The  cost  breakdown  for  the  thermal  group  is  shown  in  Figures 
6.30  to  6.37.  The  unusually  large  operating  cost  component  of  the  in 
situ  processes  is  due  to  the  fact  that  compressor  fuel  costs  v^re 
allocated  to  operating  cost  rather  than  to  cost  of  materials.  This  had 
a  significant  impact  on  the  results  as  discussed  below. 


Costs  per  barrel  over  the 
development  period 

Graphing  the  relation  of  supply  prices  and  incremental  recovery 
is  not  useful  for  the  steam  cycle  and  steam  drive  cases  with  only  one 
and  two  pools  respectively.  The  relationships  are  illustrated  for  the 
in  situ  combustion  base  in  Figures  6.38  and  6.39.  Table  6.13  presents 
the  supply  price  range  for  all  thermal  processes.  These  supply  prices, 
however,  are  not  directly  comparable  to  those  of  the  other  process 
groups  because  they  take  no  account  of  the  costs  required  to  upgrade 
the  quality  of  the  heavy  oils  recovered  by  thermal  processes  to  a  state 
comparable  to  other  processes.  This  is  discussed  further  below. 


TABLE  6.13 

SUPPLY  PRICE  RANGE  -  THERMAL  PROCESSES 
(upgrading  not  included) 


Process 

Overall  Supply  Price 
for  Profitable 
Reservoirs  Only 

Minimum 

Supply 

Price 

Maximum 

Supply 

Price 

Steam  drive 

7.22 

6.48 

7.42 

Steam  cycle 

10.19 

9.58 

9.58 

In  situ  combustion 

12.09 

3.99 

14.99 
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FIGURE  6.31 

TOTAL  COST  D  PL  A K COHN  .  THERMAL  PROCESSES 
0  AS  L  CASE 


FIGURE  6.30 

UNOl S  COUN  T  E D  COSTS  BY  CATEGORY 
THERMAL  PROCESSES  (BASE  CASE) 


CAPITAL  OPERATING  COST  OF  TOTAL 

COSTS  COSTS  _  MATERIALS  COSTS 
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FIGURE  6.33 


FIGURE  6.32 


UNDISCOUNTED  COSTS  8 Y  CATEGORY 
STEAM  DRIVE  (BASE  CASE) 


COSTS  COSTS  MATERIALS  COSTS 
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FIGURE  6.35 

TOTAL  COST  6  TIE  «l- DOWH,  STEAfl  CYCLE 
BASE  CASE 


SOr 


FIGURE  6.34 

UUOt  S  COUNTED  COSTS  BY  CATEGORY 
STEAM  CYCLE  (BASE  CASE) 


CAPITAL  OPERATING  COST  OF  TOTAL 

COSTS  COSTS  MATERIALS  COSTS 


FIGURE  6.36 

UNOISCOUNTEO  COSTS  BY  CATEGORY 
IN-S1TU  COMBUSTION  (BASE  CASE) 


CAPITAL  OPERATING  COST  OF  TOTAL 

COSTS  COSTS  MATERIALS  COST 


FIGURE  6.37 

TOTAL  COST  BREAKDOWN ,  IN-SITU  COMBUSTION 
BASE  CASE 
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FIGURE  6.38 

SUPPLY  PR11E.  PNU  1  NCRLMLNTRl  RECOVERY 
1N-S11U  CCtlbUSTlON 


FIGURE  6.39 

REQUIRED  COST  PER  BARREL  OF  ADDITIONS 
TO  PETROLEUM  RESERVES  THROUGH  ENHANCED 
OIL  RECOVERY  -  IN  SITU  COMBUSTION 
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Cost  bias  in  the  in  situ  model 

The  detailed  analysis  of  costs  for  the  in  situ  case  uncovered  a 
peculiarity  that  indicated  seme  bias  against  the  oembustion  process  in 
the  model  itself.  Ihe  allocation  of  20  percent  of  operating  costs  as 
an  overhead  charge  involved  a  particular  burden  because  in  the  in  situ 
model  we  inadvertantly  allocated  the  cost  of  fuel  required  to  compress 
the  injected  air  to  operating  costs.  Since  the  cost  of  fuel  for  the 
compressors  is  a  large  proportion  of  total  costs,  the  overhead  charge 
in  the  model  was  significantly  higher  than  in  the  other  models . 
Approximately  15  percent  of  total  costs  emerged  as  an  overhead  and 
administration  charge  vhereas  in  other  processes  this  charge  was  in  the 
range  of  2  to  8  percent.  By  reassigning  the  fuel  charge  to  the 
material  cost  category  we  could  reduce  the  overhead  charge  to  a  more 
reasonable  level.  This  procedure  would  also,  of  course,  lower  total 
cost  making  more  reservoirs  profitable.  But  this  in  turn  means  that 
our  original  ranking  of  reservoirs  would  be  altered.  With  lower  costs, 
the  in  situ  process  would  be  expected  to  dominate  in  more  than  the  43 
pools  that  emerged  from  the  original  ranking  procedure. 

This  turned  out  to  be  the  case.  After  re-ranking  all  pools, 
the  number  of  dominant  reservoirs  in  the  in  situ  combustion  process 
increased  from  43  to  64,  all  of  which  were  profitable  in  the  base  case. 
This  increased  the  contribution  of  the  in  situ  combustion  process  by 
453  million  barrels  from  216  to  669  million  barrels.  Seme  of  this  came 
at  the  expense  of  other  thermal  processes,  for  example  cyclic  steam 
stimulation  was  eliminated.  Thus,  the  increase  in  total  thermal 
recovery  was  less  than  the  increase  in  in  situ  oembustion.  Thermal 
recovery  increased  by  352  from  407  to  759  million  barrels.  Of  this 
amount,  75  million  was  'stolen'  from  non-thermal  processes  and  277 
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million  represented  an  increase  in  ultimate  recovery  due  to  the  lower 
costs . 

However,  this  takes  no  account  of  the  need  to  upgrade.  Heavy 
oils  can  be  used  directly  for  some  purposes  such  as  asphalting,  but 
such  uses  command  a  lcwer  price.  If  we  assign  the  same  price  to  this 
oil  as  to  the  conventional  medium-light  oil,  then  we  should  take  into 
account  the  fact  that  upgrading  will  be  required.  Estimation  of  the 
costs  of  upgrading  was  beyond  the  scope  of  the  study,  and  so  we 

7 

considered  a  consensus  estimate  of  $5  per  barrel. 

Thus,  our  revised  procedure  involves  two  changes,  the  cost 
reallocation  which  lowers  costs,  and  the  upgrading  charge  vhich 
increases  costs.  Calculated  in  situ  combustion  supply  prices  for 
profitable  reservoirs  new  range  from  $8.64  to  $19.11.  Thirty  one 
reservoirs  become  unprofitable  leaving  33  which  represent  572  million 
barrels.  However,  both  steam  cycle  and  steam  drive  processes  repre¬ 
senting  190.6  million  barrels  are  eliminated  since  they  are  dominated 
by  the  in  situ  combustion  process  under  the  new  cost  assumptions. 

The  overall  impact  of  these  changes  is  presented  in  Table  6.14. 
The  thermal  group  increases  its  share  by  6  percent,  frem  17  percent  to 
23  percent,  at  the  expense  of  both  chemical  and  miscible  groups. 
Within  the  thermal  group  itself  steam  cycle  and  steam  drive  processes 
are  eliminated  under  base  case  conditions .  The  net  result  in  this  case 
would  be  an  increase  in  total  thermal  production  of  165  million 
barrels,  a  decrease  in  chemical  and  miscible  production  of  75  million 
barrels  for  a  net  increase  in  tertiary  recovery  of  90  million  barrels 
(3.75  percent  of  the  2.4  billion  barrel  estimate  reported  above). 

Our  analysis  uncovered  the  modelling  peculiarity  in  the  over- 


TABLE  6.14 

IMPACT  OF  REALLOCATING  IN  SITU  FUEL  COSTS  TO  MATERIAL  COST  CATEGORY  (THUS  REDUCING  OVERHEAD  CHARGES) 

TO  MAKE  IT  COMPATIBLE  WITH  OTHER  PROCESSES 
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head  calculation  for  in  situ  combustion  projects  before  we  had  incorpo¬ 
rated  upgrading  charges  in  the  thermal  models.  The  two  changes 
partially  cancel  each  other  out;  the  initial  supply  price  of  $12.09 
being  reduced  by  only  $1.76  to  $10.33  per  barrel.  The  ultimate  inpact 
on  incremental  recovery  was  less  than  4  percent,  with  the  thermal  share 
increasing  by  5  percent  primarily  at  the  expense  of  miscible  gas.  We 
did  not  view  these  results  as  sufficiently  serious  to  warrant  the  time 
and  costs  required  to  repeat  the  entire  set  of  sensitivity  analyses. 


6.3  Potential  Constraints  on  Full  Scale 
Enhanced  Recovery  Efforts 

6.3.1  Materials  Requirements 
Water 

Water  is  required  in  several  processes  as  a  chase  fluid  and  in 
the  thermal  processes  to  produce  steam.  The  yearly  requirements  for 
these  two  uses  are  illustrated  in  Figure  6.40.  The  base  case  combined 
total  requirement  is  about  7.3  billion  barrels  over  the  28  year  devel¬ 
opment  period,  with  the  peak  yearly  requirement  of  about  0.5  billion 
barrels  occurring  in  1992.  Allowing  for  50  percent  recycling  as  an 
overall  average,  this  means  requirements  from  surface  and  ground  water 
sources  of  3.7  billion  barrels  with  yearly  usage  peaking  in  1992  at  250 
million  barrels.  As  shown  in  Figure  6.40,  Water,  this  requirement 
varies  according  to  the  number  of  reservoirs  developed.  The  maximum 
requirement  (associated  with  the  $25  price  case)  is  likely  to  be  for  a 
total  of  8.7  billion  barrels  peaking  at  627  MMb/yr  in  1990,  an  increase 
of  19  percent  on  the  base  case  requirements.  The  minimum  requirement, 
from  the  low  price  case,  is  2.5  billion  barrels,  a  66  percent  reduction 
from  base  case  requirements. 


FIGURE  6.40:  Sensitivity  of  Injection  Requirements  to 
Changes  in  the  Oil  Price  Assumption 
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Realistic  assessment  of  the  relative  importance  of  this 
requirement  would  require  an  evaluation  of  total  v^ater  requirements  in 
agriculture,  industry  and  residential  categories.  Such  an  assessment 
is  beyond  the  scope  of  this  study  and  appeared  unnecessary  since  the 
requirements  are  not  that  large  to  begin  with  and  would  be  offset  to  a 
considerable  extent  by  the  concurrent  decline  in  secondary  recovery 
requirements.  There  is,  however,  a  possibility  that  requirements  in 
particular  areas  would  strain  available  supplies  at  certain  times  of 
the  year.  This  might  occur,  for  example ,  in  the  southern  part  of  the 
province  where  agricultural  demand  is  particularly  high.  Further  study 
of  this  question  would  be  advisable  if  large  scale  initiation  of 
tertiary  projects  occurs. 

Carbon  dioxide 

The  requirement  for  carbon  dioxide  is  illustrated  in  Figure 
6.41.  Total  base  case  requirements  are  for  approximately  1.9  trillion 
cubic  feet  with  yearly  requirements  peaking  in  1990  at  169  billion 
cubic  feet.  Roughly  30  percent  of  this  requirement  might  be  recycled 
CO2  leaving  1.3  trillion  cubic  feet  required  frcm  external  sources. 
This  implies  a  peak  annual  external  requirement  of  about  118  billion 

cubic  feet  in  1990  which  is  a  daily  requirement  of  about  325  million 

cubic  feet. 

A  1977  study  done  for  Alberta  Energy  and  Natural  Resources  by 

O 

Saturn  Engineering  concluded  that  although  there  are  no  natural 
sources  of  CO2  in  Alberta,  significant  quantities  might  be  extracted 
frcm  power  plants,  sour  gas  plants,  and  airmonia  and  hydrogen  plants. 

The  total  potential  amounts  to  over  630  MMscf/d  of  vhich  270  MMscf/d 

(from  the  power  plants)  involves  currently  unproven  extraction  methods. 
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FIGURE  6.41:  Sensitivity  of  Injection  Requirements  to  Changes  in 
the  Oil  Price  Assumption 
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This  leaves  some  360  MMscf/d  potentially  available  frcm  technically 
proven  processes,  which  is  enough  to  meet  demand  in  the  base  case.  The 
high  price  case  might  find  supply  tight  in  the  peak  year  since  proven 
supply  would  fall  short  by  about  100  MMscf/d.  This  would  not  be  a 
problem  if  extraction  from  power  plants  becomes  viable  and  in  any  case 
it  would  only  be  a  temporary  problem  when  injection  requirements  peaked 
and  could  be  ameliorated  by  rescheduling.  The  overall  supply  situation 
does  not  appear  to  constrain  the  CD 2  Process.  Even  in  the  event  that 
the  full  technical  potential  of  the  CD 2  Process  was  realized,  which 
would  occur  if  carpeting  processes  were  rendered  not  viable  for  seme 
reason,  the  total  CC>2  requirement  of  2.7  trillion  cubic  feet  could 
likely  be  met  in  future  because  of  additional  sources  such  as  heavy  oil 
upgrading  plants,  oil  sands  plants,  and  fertilizer  plants. 

Hydrocarbons 

The  time  profile  of  required  methane  and  liquid  petroleum  gas 
(LPG)  is  given  in  Figure  6.41.  The  base  case  requirement  for  LPG  over 
28  years  is  1.6  billion  barrels,  the  actual  requirement  being  somewhat 
less  since  LPG  are  assumed  to  be  completely  recovered  in  the  production 
phase.  The  methane  requirement  is  34.4  trillion  cubic  feet  which  also 
would  be  significantly  reduced  in  actual  operations  since  approximately 
60  percent  of  the  injected  methane  is  recovered  on  average.  As  indi¬ 
cated  in  the  figures,  these  requir orients  increase  by  only  8  percent  in 
the  high  price  case  vhile  being  reduced  by  over  60  percent  in  the  lew 
price  case. 

The  current  abundant  supply  of  natural  gas  is  a  major  reason 
for  renewed  interest  in  the  hydrocarbon  miscible  process  and,  without 
attempting  a  detailed  demand -supply  analysis,  we  accept  the  general 
opinion  that  hydrocarbon  supply  will  not  be  an  effective  constraint. 
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Chemicals 

Chemical  requirements  are  shown  in  Figure  6.42.  Since  the 

chemical  processes  enjoy  a  relatively  small  share  of  potential 

recovery,  these  requirements  are  not  of  great  significance. 

We  have  assumed  the  surfactant  and  polymer  requirements  to  be 

met  largely  through  imports .  Lhited  States  production  capacity  for 

sulfonates  and  polymers  in  1976  was  600  million  and  35  million  pounds 

9 

per  year  respectively.  The  corresponding  peak  year  requirements  in 
Alberta  from  Figure  6.42,  Polymer  and  Surfactant,  wculd  be  approxi¬ 
mately  22  million  and  5  million  pounds.^  The  polymer  requirement 
might  pose  problems,  especially  if  U.S.  demand  is  significantly 
increased  by  their  own  tertiary  efforts.  Sodium  hydroxide  requirements 
would  average  approximately  5,000  tons  per  year  which  is  less  than  one 
half  of  one  percent  of  domestic  production  in  1976.^  Even  a 
considerable  increase  in  the  share  of  chemical  processes  would  be 

unlikely  to  lead  to  supply  bottlenecks  because  chemical  plants  have 

12 

relatively  short  construction  lead  times  (approximately  3  years). 

6.3.2  Manpower  Requirements 

Oil  recovery  is  a  capital  intensive  activity  but  the  broad 
labour  requirements  for  advanced  enhanced  recovery  are  themselves 
highly  skill  intensive.  Reservoir  and  production  engineers  and 
technicians  require  special  training  in  tertiary  methods .  Research 
chemists  and  chemical  engineers  with  concentration  in  upgrading  are 
also  required.  Full  scale  initiation  of  enhanced  recovery  projects 
will  undoubtedly  increase  the  demand  for  people  trained  in  these  areas 
though  the  increase  is  difficult  to  quantify. 

A  significant  amount  of  the  required  training  is  likely  to  be 
provided  in-house  by  operators  themselves.  However,  the  level  of 
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FIGURE  6.42:  Sensitivity  of  Injection  Requirements  to  Changes  in 
the  Oil  Price  Assumption 
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activity  suggested  by  the  present  analysis  implies  a  need  for  a  more 
substantial  training  effort.  The  introduction  of  adequate  formal 

training  at  the  university  level  is  likely  to  lag  somewhat  possibly 
causing  delays  in  implementing  projects. 

This  would  not  be  surprising  since  institutions  generally 
respond  only  after  a  significant  demand  has  been  demonstrated. 

Ironically,  the  problem  is  likely  to  be  even  worse  if  a  healthy 
economic  environment  prevails  since  competition  for  skilled  personnel 
would  be  increased. 

6.3.3  implied  Drilling  Activity 

The  close  spacing  of  tertiary  processes  implies  a  large  number 
of  injection  and  production  wells.  Assuming  extensive  secondary 
activities  on  80  acre  spacing  rnaans  that  a  large  proportion  of  these 
wells  will  be  provided  during  waterflood  operations.  The  time  profile 
of  drilling  requirements  for  the  three  price  cases  is  given  in  Figures 
6.43  to  6.45.  Total  wells  required  in  the  base  case  is  27,361,  about 

80  percent  of  which  would  be  provided  during  primary  and  secondary 

recovery  operations.  Total  new  wells  required  for  tertiary  recovery 
would  be  5,554  with  a  maximum  of  625  wells  being  drilled  in  1987. 
Average  yearly  drilling  requirements  would  be  327  per  year  over  the  17 
year  period  in  which  drilling  is  assumed  to  be  carried  out.  This  is 
easily  within  the  capabilities  of  the  drilling  industry  which  in  1977 
carpi eted  800  development  wells  for  oil  and  2,527  for  gas.  Of 

course,  seme  of  the  secondary  recovery  development  drilling  would  be 
going  on  at  the  same  time.  We  did  not  estimate  precisely  the  amount  of 
development  drilling  for  secondary  recovery  that  might  be  required  but 
if  we  assume  that  50  percent  of  total  requirements  will  already  be 
provided  (which  is  probably  conservative)  then  new  wells  required  for 
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FIGURE  6.43 
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FOR  TERTIARY  RECOVERY.  ALL  PROCESSES 

SENSITIVITY  OF  TOTAL  WELLS  NEEDED  FOR  TERTIARY 
RECOVERY  TO  CHANGES  IN  THE  OIL  PRICE  ASSUMPTION 


FIGURE  6.45 

SENSITIVITY  OF  TOTAL  WELLS  ORILLED  FOR  TERTIARY 
RECOVERY  TO  CHANGES  IN  THE  OIL  PRICE  ASSUMPTION 
ALL  PROCESSES 
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secondary  purposes  would  be  about  11,000  in  total  or  less  than  650  per 
year."^  Adding  this  to  the  estimate  of  tertiary  wolls  required 
provides  a  rough  estimate  of  total  demand  which  does  not  appear  to 
strain  supply  capabilities,  particularly  if  we  allcw  for  a  concurrent 
decline  in  exploratory  completions.  Even  the  high  price  case 

involves  at  most  9,600  new  veils  for  tertiary  which  is  an  average  of 
only  565  per  year.  This  admittedly  rough  estimate  would  seen 
sufficient  to  conclude  that  drilling  requirements  will  not  be  a 
constraining  factor  to  tertiary  recovery  activity. 

6.3.4  Financing  Considerations 

Requirements  for  financing  are  difficult  to  determine  even  for 
the  general  type  of  estimates  of  this  section.  For  an  individual 
project,  financing  my  be  required  not  only  for  'front  end'  costs  of 
capital  and  injection  materials  but  also  for  cperating  costs  until 
these  are  covered  by  production  revenues.  In  the  aggregate,  the 
staggered  nature  of  field  development  means  that  'front  end'  costs  will 
be  incurred  over  most  of  the  development  period  as  individual  projects 
are  initiated.  Operators  will  generally  be  involved  in  more  than  one 
project  so  that  the  revenues  frcm  nature  projects  my  be  used  to 
finance  the  growth  of  young  projects.  This  is  simply  a  specific 
possibility  of  financing  a  new  project  frcm  the  general  income  of 
ongoing  operations.  In  the  past  the  capital  and  other  investments  of 
major  oil  companies  have  been  approximately  80  percent  internally 
financed,  those  of  independents  50  to  65  percent  internally  financed. 
In  aggregate  internal  funds  accounted  for  about  73  percent  of  total 
sources  of  funds  over  the  period  1960-1974.  This  means  that  the 
actual  external  financing  requirement  will  depend  on  the  mix  of 
operators  (majors  versus  independents),  the  degree  to  which  project 
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financing  is  accepted  in  the  financial  oorrrmunity ,  and  the  quantity  and 
characteristics  of  alternative  investment  opportunities.  We  can  at 
best  provide  seme  perspective  on  the  potential  amounts  of  capital 
required  for  tertiary  recovery  in  relation  to  the  requirements  of  other 
areas  of  energy  supply  and  other  sectors  of  the  economy. 

The  total  costs  of  the  level  of  tertiary  development  associated 
with  our  base  case  assumptions,  in  undiscounted  1978  dollars,  is  about 
$29.4  billion.  Corresponding  after  tax  revenues  amount  to  $37.8 
billion.  The  time  profile  of  both  after  tax  revenues  and  costs  is 
shewn  in  Figure  6.46.  It  is  not  until  the  seventh  year  that  after  tax 
revenues  overtake  costs  in  the  aggregate  (the  projects  begin  financing 
themselves)  so  that  if  one  operator  was  responsible  for  them  all  we 
might  view  cumulative  costs  in  excess  of  revenues  to  that  point  as 
representing  the  requirement  for  financial  capital .  This  amount  is 
$2.6  billion.  On  the  other  hand,  the  fact  that  individual  projects 
have  different  operators  means  that  financing  considerably  in  excess  of 
this  amount  may  be  required.  The  maximum  requirement  would  be  for  the 
total  'front  end'  costs  (capital  plus  materials)  which  amounts  to  $17.1 
billion  (undiscounted) .  This  requirement  would  only  be  realized  if 
every  project  was  carried  out  by  an  independent  operator.  Given  the 
oil  industry's  historical  tendency  to  finance  not  more  than  30  percent 
of  requirements  from  outside  sources,  a  prospect  made  even  more  likely 
by  the  risk  consideration  of  tertiary  recovery,  the  capital  market 
might  be  asked  to  provide  from  $1  billion  to  $5  billion  for  tertiary 
development.  This  may  be  compared  with  petroleum  investment 
requirements  to  1990  of  about  $40  billion  (in  1975  dollars)  of  vhiich 
about  $8  billion  may  be  met  by  external  financing.  However,  the 
Federal  Department  of  Energy,  Mines  and  Resources,  the  author  of  these 
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FIGURE  6.46 
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projections,  investigated  two  different  scenarios  describing  investment 

requirments  and  concluded  that  cash  flow  in  the  petroleum  industry 

would  be  sufficient  to  cover  the  projected  investments.  They  did  note 

a  potential  distributional  problem  since  sane  groups  in  industry  may 

have  excess  funds  vhile  others  may  be  short.  But  farm -ins  and  other 

techniques  for  transfer  of  funds  that  have  been  developed  by  industry 

•  1 7 

are  seen  to  be  adequate  to  meet  this  need. 

Governments '  share  of  undiscounted  total  revenues  amounts  to 
$10.3  billion.  If  they  wore  to  designate  this  revenue  as  being  avail¬ 
able  for  future  tertiary  development,  the  profile  of  revenues  would 
appear  as  total  revenue  (before  tax)  in  Figure  6.46.  In  this  case 
revenues  exceed  costs  in  the  sixth  year  and  the  cumulative  excess  of 
costs  over  revenues  is  reduced  by  $400  million  to  $2.2  billion.  In 
either  case,  availability  of  financing  cannot  be  viewed  as  a 
potentially  serious  constraint  to  tertiary  development. 

6.3.5  Environmental  Aspects  of 
Tertiary  Oil  Development 

This  appraisal  of  the  importance  of  potential  impacts  of 
enhanced  oil  recovery  operations  on  the  environment  is  quite  general 
and  its  conclusion  that  such  inpacts  are  not  likely  to  be  significant 
should  not  be  viewed  as  a  suggestion  that  industry  or  governmental 
safeguards  can  be  relaxed.  Individual  projects  require  explicit  exami¬ 
nation  since  specific  impacts,  even  though  localized,  could  involve 
significant  and  irreversible  social  or  environmental  costs.  However, 
there  are  a  number  of  reasons  vhy,  in  the  aggregate,  environmental 
impact  is  unlikely  to  be  a  potent  deterrent  to  development.  First,  the 
assimilative  capacity  of  the  environment  should  not  be  underestimated. 
The  relatively  small  number  of  projects  envisioned  here  would  be 
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geographically  scattered  over  the  province  making  environmental  assimi¬ 
lation  rruch  less  of  a  problem  than  if  these  projects  were  concentrated 
in  a  smaller  area,  as  in  the  case,  for  example,  with  thermal  develop¬ 
ment  in  California.  Second,  since  these  are  in  general  'tertiary' 
projects,  much  of  the  needed  development,  with  its  associated  disrup¬ 
tion,  has  already  occurred.  And  finally,  a  lengthy  history  of  experi¬ 
ence  with  such  problems  has  provided  both  industry  and  regulatory 
authorities  with  the  necessary  knowledge  to  ameliorate  them.  Nonethe¬ 
less,  ensuring  that  proper  attention  is  given  to  potential  problems 
requires  continuing  vigilance.  The  following  discussion  attempts  to 
identify  and  comment  on  seme  of  the  major  areas  of  concern. 

The  potential  for  impact  of  enhanced  recovery  operations  on  the 
environment  exists  in  a  number  of  areas.  Transportation  activities, 
on-site  operations,  and  occurrences  within  the  reservoir  provide  oppor¬ 
tunity  for  adverse  effects  on  surrounding  land,  water,  air  and  biota. 

Land  impacts  centre  on  field  site  development  and  use  including 
necessary  access  roads.  Accidental  material  spillage  in  transportation 
and  at  the  site  are  inevitable  but  resultant  damage  vould  be  quite 
localized  and  does  not  seem  to  pose  a  major  problem.  Another  potential 
problem  is  land  subsidence,  \^ich  has  been  studied  in  primary  recovery 
situations.  Generally  it  is  felt  that  enhanced  recovery  will 
involve  less  problems  in  this  area  because  the  displacing  agents  are 
left  behind  in  the  reservoir.  This  is  not  true  for  in  situ  combustion 
which  may  cause  seme  problems.  But  since  these  projects  are  generally 
not  near  residential  areas  the  ultimate  impact  should  be  minimal.  Land 
requirements  may  be  important  particularly  in  mountainous  areas  that 
provide  scenic  and  recreational  benefits.  The  Impact  is  not  straight¬ 
forward  since  road  provision  may  later  provide  access  to  more 
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people  and  therefore  be  counted  as  a  beneficial  effect  of  development. 
But  increasing  concern  with  maintenance  of  what  wilderness  areas  we 
have  remaining  suggests  that,  on  balance,  field  development  would  be 
perceived  as  involving  net  social  costs.  However,  since  most  of  the 
required  site  development  has  already  been  undertaken  at  the  primary 
and  secondary  production  stages,  land  impacts  cannot  be  considered  a 
major  drawback  to  enhanced  recovery  from  established  conventional 
reservoirs . 

The  only  land  problem  of  potential  significance  relates  to  the 
possibility  of  utilizing  coal  as  an  energy  source  in  seme  projects. 
Here  we  have  assumed  that  lease  crude  is  used  as  the  fuel  but  it  is 
possible  that  significant  development  might  be  based  on  electrical 
energy  from  coal  fired  thermal  generating  plants.  This  situation  would 
require  evaluation  of  the  effects  of  coal  mining  or  stripping  on  the 
environment . 

Effects  on  biota  are  also  inevitable.  Spillage  and  site  access 
again  affect  the  flora  of  a  region  in  a  localized  manner.  Bhuna  would 
be  relatively  unaffected  by  these  operations  except  in  cases  of  severe 
water  and  air  pollution,  discussed  belov.  The  possibility  of  signifi¬ 
cant  noise  pollution  has  also  been  considered  particularly  with  respect 
to  the  steam  generators  and  air  compressors  in  the  thermal  processes. 
Where  human  population  is  proximate  such  activities  will  require 
muffling  controls.  Such  controls  may  even  be  applied  in  areas  where  it 
is  felt  that  local  fauna  may  suffer.  But  in  general  the  level  of  noise 
interference  is  small  enough  to  make  such  provisions  unnecessary. 

A  more  significant  possibility  of  pollution  is  associated  with 
air  quality.  Chemical  processes  will  have  little  direct  effect  on  air 
quality  but  both  miscible  gas  and  thermal  processes  could  have  an 
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impact.  The  primary  concern  associated  with  CD2  injection  is  the 
possibility  that  hydrogen  sulfide  (H2S),  which  is  sometimes  present 
in  reservoirs,  will  be  a  product.  H2S  is  toxic  and  in  combination 

with  CO 2  would  be  likely  to  remain  concentrated  at  ground  level  for 

•  .  •  on 

extended  periods,  giving  a  hazard  to  animal  and  human  life. 

However,  H2S  production  my  also  be  associated  with  conventional  oil 

production  and  so  industry  is  familiar  with  the  problem  and  the 

safeguards . 

Air  pollution  related  to  thermal  processes  also  concerns  the 
problem  of  hydrogen  sulfide  at  the  production  stage  but  in  addition 
there  are  a  number  of  combustion  materials  such  as  S02,  N0X/ 

hydrocarbons,  CO  and  C02  associated  with  the  generators  and  air 
compressors.  These  are  primarily  a  problem  in  areas  where  air 

pollution  is  already  significant  such  as  certain  heavily  populated 
areas  of  California.  However,  mountain  areas  are  susceptible  to  air 
inversions  and  this  must  be  taken  into  account  in  some  Canadian 
locales.  Ehcilities  for  incinerating  toxic  substances,  scrubbing  the 
incinerated  gas  to  reduce  sulfur  content,  eliminating  condensation 
plumes  from  the  vent  gas,  and  venting  from  tall  stacks  for  maximum 
dispersion,  were  all  included  in  cost  estimates  for  thermal  projects. 

Water  problems  my  relate  to  both  surface  water  and  ground 
water.  The  primary  impact  is  on  the  quantity  of  water  use  but  some 
qualitative  effects  are  possible  as  well.  Direct  water  pollution  is 
most  probable  in  the  chemical  processes  and  my  occur  through  spills, 
well  leaks,  reservoir  migration  and  inadequate  disposal  procedures. 
Since  most  of  the  activity  is  in  areas  previously  waterflooded  it  is 
unlikely  that  operators  would  be  ignorant  of  well  problems  or  migration 
possibilities.  A  proportion  of  injected  chemicals  will  be  absorbed  by 
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the  reservoir  rock,  chemicals  produced  with  the  oil  will  be  processed 
in  the  refinery  and  chemicals  in  produced  water  generally  get 
reinjected.  Final  disposal  of  water  and  chemicals  is  accomplished  by 
reinjection  with  care  to  ensure  ground  water  supplies  will  not  be 
contaminated.  Since  the  chemical  processes  represent  a  relatively 
small  proportion  of  the  total  enhanced  recovery  effort,  significant 
impacts  on  water  quality  are  unlikely.  Thermal  pollution  is  possible 
if  heated  water  is  disposed  of  in  surface  pools.  This  can  be 
controlled  by  cooling  ponds  or  reinjection  into  the  reservoir. 

In  summary,  potential  environmental  disruption  due  to  tertiary 
activity  appears  to  be  minimal  particularly  in  relation  to  other 
sources  of  energy  frcm  non- renewable  resources.  This  is  accounted  for 
by  the  fact  that  most  surface  facilities  and  roads  are  already  in  place 
and  by  the  fact  that  a  history  of  secondary  recovery  activities  has 
educated  industry  in  the  problem  areas.  Some  impact  is  inevitable  but 
appears  to  be  controllable  under  existing  environmental  regulations. 
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Footnotes 

Of  course  the  maximum  possible  effect  could  only  increase 
recovery  by  about  30  percent  because  of  the  technical  limit  of  3.1 
billion  barrels.  However,  the  assymetry  in  results  is  significant 
since  the  upside  constraint  is  never  reached. 

2 

An  example  calculation  of  elasticity  for  the  thermal  $15  to 
$20  case  is  as  follows: 

change  in  Q  change  in  P 
■  -  —  . .  ^  ...  -  ■  — —  - 

average  Q  average  P 

which  from  Table  6.1  is: 

20  -  15  407  -  280 

- =  1.3 

17.50  *  343.5 

It  is  necessary  to  base  the  calculation  of  percentage  changes  on  the 
average  of  the  initial  and  final  amounts  to  ensure  the  result  does  not 
depend  on  the  direction  of  change.  For  example ,  a  $5  price  change  fran 
$15  to  $20  is  a  33.3  percent  increase.  Whereas  the  same  change  from 
$20  to  $15  is  a  25  percent  decrease.  Both  movements,  however, 
represent  a  28.6  percent  change  based  on  the  average  price  of  $17.50. 

3 

F.  M.  Fisher,  Supply  and  Costs  m  the  U.S.  Petroleum 
Industry,  (Washington,  D.C.:  Resources  for  the  Future,  1964).  Edward 
W.  Erickson,  and  R.  M.  Spann,  "Supply  Response  in  a  Regulated  Industry: 
The  Case  of  Natural  Gas,"  Bell  Journal  of  Economics  94,  Spring  1971. 
Edward  W.  Erickson  and  Leonard  Waverman,  The  Energy  Question:  An 

International  Failure  of  Policy  (Toronto:  Lhiversity  of  Tbronto  Press, 
1974) . 


^In  econanic  terminology  these  vsould  be  excess  profits  or 
rents  since  the  companies  are  already  earning  their  8  percent  real 
(15  percent  nominal)  rate  of  return  on  capital. 

^Notably  the  microemulsion  process  is  eliminated  completely 
at  our  lew  price  of  $15  per  barrel. 

^An  anomalous  pool  with  a  supply  price  of  $233.06  was  ignored 
since  it  involves  only  85,000  barrels. 

^Canada,  NEB,  Oil  Supply,  p.  184. 

^Saturn  Engineering,  "Estimate  of  Gost  of  Recovery  of  OO2/" 
prepared  for  Alberta  Department  of  Energy  and  Natural  Resources, 
November  1977. 

^Gulf  Olivers itites  Research  Consortium,  Chemicals  for 
Microemulsion  Flooding  in  EOR,  Report  No.  159  (Bellaire,  Texas:  Gulf 
Lhiversities  Research  Consortium,  Feb.  1977),  pp.  20-22 
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This  is  for  the  base  case.  See  appendix  D  for  the  method 
by  v^iich  the  number  of  barrels  of  solution  injected  is  translated  into 
chemical  requirements  in  pounds . 

■^1976  production  was  1,102,423  short  tons.  Canada, 

Statistics  Canada,  Manufacturers  of  Industrial  Chemicals  (Ottawa: 
Supply  &  Services  Canada,  1976),  Catalogue  No.  46-219  Annual,  p.  19, 
Thble  8. 

12 

Lewin  and  Associates ,  Inc . ,  The  Potential  and  Economics 
of  Enhanced  Oil  Recovery,  April  1976. 

13 

Canadian  Petroleum  Association,  Statistical  Handbook 
(Calgary:  Canadian  Petroleum  Association,  1977),  Section  1,  Ihble  5C. 

■^80  percent  of  27,361  is  21,888,  half  of  which  is  10,944 
(644  a  year  for  17  years) . 

1 S 

in  1977  there  were  360  oil  exploration  completions  and 
1 , 1 38  gas  exploration  completions . 

^Canada,  Department  of  Ehergy,  Mines  and  Resources, 
Enhancing  Energy  Self  Reliance  (Ottawa:  Department  of  Ehergy,  Mines 
and  Resources,  1977),  Report  EP  77-8,  ch.  3. 

17 Ibid. 

1  o 

A  somewhat  dissenting  view  has  recently  been  offered  by 
Dr.  Norman  A.  White  in  an  address  entitled,  "International  Energy 
Financing  --Implications  for  Canadian  Ehergy  Development, "  delivered  to 
the  30th  Annual  Technical  Meeting  of  the  Petroleum  Society  of  C.I.M. 
Basing  his  analysis  on  the  development  scenarios  used  by  the  Federal 
Department  of  Ehergy,  Mines  and  Resources,  and  on  trends  in  financing 
for  the  international  petroleum  industry,  Dr.  White  suggests  that  the 
need  for  new  and  non -traditional  sources  of  finance  on  the  inter¬ 
national  scene  will  also  be  felt  in  Canada .  Noting  that  Canada  has 

been  from  1976  to  1978  the  world's  largest  country  borrower  on  the 

international  bond  market,  Dr.  White  cautions  that  lender's  portfolio 
balance  considerations  and  increasing  international  competition  for 

funds  may  impose  unexpected  limits  on  Canadian  international  borrowing. 

•^M*  N.  Mayuga,  and  D.  R.  Allen,  "Long  Beach  Subsidence," 
in  Focus  on  Environmental  Geology,  ed. ,  R.  W.  Parik  (New  York:  Oxford 
University  Press,  1973). 

^C02  is  non  toxic  though  it  could  cause  suffocation  in 

sufficient  quantity.  But  the  min  fear  stems  from  the  feet  that  it  is 
heavier  than  air  and  might  prevent  associated  H2S  frem  dispersing 

quickly . 
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CONCLUSIONS  AND  POLICY  IMPLICATIONS 

7.1  Some  Necessary  Qualifications 

In  a  study  of  this  nature,  an  interpretation  of  results  is 
bound  to  be  conditioned  not  only  by  the  nature  of  the  special  modelling 
techniques  adopted  but  also  by  the  research  methods  employed  in  esti¬ 
mating  the  critical  parameters  used  in  the  models.  Conclusions  from 
the  model  relate  to  the  amount  and  composition  of  the  forecast  poten¬ 
tial,  costs  of  development,  benefits  from  the  development  and  the 
distribution  of  those  benefits,  and  the  sensitivity  of  all  results  to 
changes  in  critical  parameters.  Implications  frcm  associated  litera¬ 
ture  searches  and  discussions  with  representatives  of  industry  and  gov¬ 
ernment  relate  primarily  to  the  state  of  the  art  and  the  institutional 
and  regulatory  environment  within  vhich  development  must  occur .  The 
latter  type  of  analysis  is  often  as  valuable,  if  not  more  so,  than  the 
former . 

Conclusions  derived  frcm  a  modelling  analysis  have  the  advan¬ 
tage  of  objectivity  within  the  assumptions  of  the  models.  That  is  also 
a  disadvantage  since  the  models,  once  they  are  constructed,  are  rather 
rigid  structures.  This  is  an  aspect  of  the  general  modelling  problem 
of  simplifying  reality  in  a  realistic  v*ay.  Here  wa  have  tried  to 
ameliorate  this  problem  with  extensive  sensitivity  analysis.  Of 
course,  the  assumptions  that  define  the  models  are  also  open  to  criti¬ 
cal  evaluation  vhich  is  vhy  ws  have  been  as  explicit  as  possible  in 
setting  out  these  assumptions . 

This  leads  us  to  the  first  'conclusion'  of  the  analysis  v\hich 
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is  that  all  of  the  modelling  results  should  be  viewed  as  soft  numbers, 
orders  of  magnitudes  only.  This  warning  is  pertinent  to  any  aggregate 
estimation  procedure  and  in  one  sense  our  procedure  makes  such  a  vam- 
ing  less  critical  than  it  is  for  many  kinds  of  cormronly  used  modelling 
approaches  that  employ  aggregated  statistical  techniques.  This  is 
because  the  very  detailed  process -specif ic  engineering  models  used  here 
allcw  for  individual  differences  in  technique  and  reservoir  quality  to 
a  far  greater  degree  than  any  aggregate  statistical  procedure  would  be 
able  to  do.  Nonetheless,  there  are  inevitably  many  areas  of  uncertain¬ 
ty  that  need  to  be  kept  in  mind. 

The  uncertainty  begins  with  the  underlying  data  on  vhich  all 
results  are  based.  ERCB  estimates  of  original  oil  in  place,  recovery 
factors,  and  other  parameters  are  probably  as  reliable  as  is  possible 
given  the  present  state  of  the  art,  but  nonetheless,  they  are  just  est¬ 
imates.  This  leads  to,  but  is  only  one  aspect  of,  the  technical  uncer¬ 
tainty  associated  with  the  screening  procedure  developed  by  the  Petro¬ 
leum  Recovery  Institute  to  identify  potential  candidates.  Even  in  an 
actual  field  situation  the  process  of  accurate  description  of  reservoir 
structure  is  difficult.  The  necessary  restriction  of  our  procedure  to 
critical  variables,  which  in  some  cases  must  be  estimated  by  correla¬ 
tion  with  other  variables,  makes  it  even  more  tenuous.  To  seme  extent 
this  works  in  both  directions.  That  is,  not  only  do  we  include  some 
reservoirs  that  should  not  be  included,  we  also  may  emit  some  that 
should  be  included.  There  is  no  a  priori  basis  for  assuming  that  one 
effect  is  more  important  than  the  other. 

The  next  level  of  uncertainty  is  associated  with  the  actual 
processes  themselves.  Knowledge  of  project  design  and  operation  is 
still  at  an  early  stage.  This  is  made  abundantly  clear  to 
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non -technical  researchers  by  the  wide  difference  of  opinion  among  prac¬ 
tising  engineers  as  to  the  most  promising  process  or  even  as  to  the 
likely  potential  of  tertiary  recovery  in  general. 

Economic  uncertainty  centres  on  the  impact  of  changes  in  oil 
prices  and  unit  costs  on  aggregate  revenues  and  costs.  It  may  be  that 
the  large  price  increases  since  1973  have  brought  world  prices  close  to 
an  optimum  level  from  the  viewpoint  of  a  monopolist  or  cartel  in  vhich 
case  further  increases  are  more  likely  to  be  in  line  with  general 
inflation  and  less  likely  to  cane  in  unexpected  jumps.  Even  so,  uncer¬ 
tainty  regarding  tax  and  royalty  policy  at  federal  and  provincial 
levels  continues  to  complicate  forecasting  to  seme  extent.  On  the 
other  hand,  development  costs  are  more  a  source  of  uncertainty  to 
modellers  than  to  industry.  The  costs  used  in  this  study  seem  to  be 
fairly  reliable  estimates  as  they  have  received  reasonably  wide  distri¬ 
bution  within  industry  without  noticeable  repercussions. 

Thus  the  major  areas  of  uncertainty  are  technical  and  almost 
impossible  to  quantify.  We  have  allowed  for  this  uncertainty  in  eval¬ 
uating  the  recovery  activity  by  the  Implicit  inclusion  of  a  risk  prem¬ 
ium  in  the  discount  rate,  by  a  generous  allowance  for  overhead  vhich 
allows  costs  of  failure  in  two  out  of  ten  pilot  tests,  and  by  the 
arbitrary  reduction  of  calculated  incremental  recovery  by  8  percent 
(which  on  four  billion  barrels  amounts  to  close  to  a  third  of  a  billion 
barrel  allowance)  .  Whether  or  not  these  are  adequate  allowances  is 
difficult  for  anyone  to  say.  They  seem  reasonable  but  because  of  the 
embryonic  stage  of  development  to  which  the  relevant  technology  has 
only  recently  evolved  they  could  be  quite  inadequate.  Yet,  the 
research  effort  is  justified  as,  we  hope,  will  be  made  clear  frcm  the 
nature  of  the  conclusions  that  do  emerge  frcm  it. 


250 


Che  aspect  of  the  analysis  requires  discussion  before  the 
general  conclusions  are  presented.  The  real  rate  of  discount  used  to 
translate  all  results  into  present  value  terms  was  8  percent.  This  may 
be  interpreted  as  the  rate  of  return  deemed  sufficient  and  appropriate 
to  induce  industry  to  allocate  its  resources  to  the  activity  of  enhanc¬ 
ed  oil  recovery.  This  rate  was  cited  by  Lewin  and  Associates  as  the 
historical  petroleum  industry  real  rate  of  return  on  investment.'*'  if 
we  assume  a  7  percent  rate  of  inflation,  an  8  percent  real  return 
approximates  a  15  percent  nominal  return  which  was  precisely  the  return 
that  was  being  used  by  several  oil  companies  contacted  in  mid -1979.  On 
the  other  hand,  a  study  by  the  Economic  Council  of  Canada  suggested 
that  the  average  overall  historical  real  rate  of  return  to  capital  in 
Canada  over  the  period  1965  to  1974  was  about  10  percent.  since  the 
present  study  incorporates  some  allowance  for  risk  apart  from  the  prem¬ 
ium  in  the  discount  rate,  it  is  arguable  that  the  lower  assumption  used 
here  is  more  appropriate. 

Although  8  percent  real  and  15  percent  nominal  may  appear  some¬ 
what  lew  under  conditions  existing  in  late  1979  (the  Bank  of  Canada '  s 
lending  rate  to  commercial  banks  has  been  at  14  percent  since  October 
1979)  it  nust  be  remembered  that  the  nominal  interest  rate  is  viewed  as 
a  policy  instrument  and  is  subject  to  severe  short  term  fluctuations  in 
response  to  economic  conditions.  Moreover,  if  we  chose  here  to  suggest 
an  inflation  rate  of  10  percent  would  prevail  over  the  study  period, 
then  a  nominal  rate  of  18  percent  would  be  associated  with  our  chosen 
real  rate  of  return  of  8  percent.  Therefore,  wo  feel  confident  with  a 
real  rate  of  8  percent  as  a  basis  for  analysis  but  whenever  convenient 
we  have  shown  how  results  vary  when  the  rate  of  discount  is  altered. 
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7.2  General  Conclusions 

7.2.1  Incremental  Recovery  and  Production 

Of  the  36.1  billion  barrels  of  conventional  oil  estimated  to 
exist  in  Alberta  in  1976,  32  percent  (11.4  billion  barrels)  will  be 
recovered  by  primary  and  secondary  production  processes  leaving  24.7 
billion  barrels  remaining  in  the  ground.  16.7  billion  barrels,  68  per¬ 
cent  of  the  ultimate  remaining  oil  in  place,  lie  in  reservoirs  that 
show  seme  affinity  for  enhanced  recovery.  Ihis  is  the  technical 
tertiary  target  which,  if  it  was  fully  exploited  under  production 
assumptions  used  here  and  without  regard  to  cost,  would  yield  3.1 
billion  barrels. 

This  3.1  billion  barrels  is  not,  however,  the  amount  of  oil 
recovery  that  can  be  expected  under  foreseeable  economic  conditions . 
Our  base  case  forecast  assumed  a  $20  price  for  oil  at  the  wellhead  and 
allows  industry  an  8  percent  real  return  on  investment  (which  approxi¬ 
mates  a  15  percent  nominal  return).  If  we  assume  no  taxes  and  royal¬ 
ties  are  levied  against  these  projects,  or  more  correctly,  if  we  assume 
any  taxes  and  royalties  assessed  are  set  at  seme  optimal  level  that 
does  not  affect  the  viability  of  any  project  from  a  private  point  of 
view,  then  the  maximum  economic  recovery  is  estimated  here  as  2.7 
billion  barrels.  Moreover,  if  ^  assume  the  present  rules  governing 
tax  and  royalty  collection,  our  forecast  of  expected  additions  to  oil 
supplies  from  enhanced  recovery  activities  in  Alberta  reservoirs  is 
reduced  by  300  million  barrels  to  2.4  billion  barrels.  This  is  approx¬ 
imately  10  percent  of  the  ultimate  remaining  oil  in  place  after  primary 
and  secondary  recovery  (24.7  billion  barrels  as  forecast  by  the  Alberta 
Energy  Resources  Conservation  Board)  and  14  percent  of  the  technical 
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tertiary  target  (16.7  billion  barrels)  established  by  the  screening 
procedure  used  in  this  study. 

Reductions  in  costs  or  increases  in  oil  price  could  increase 
the  amount  of  economically  recoverable  oil.  However,  the  current  level 
of  technical  understanding  of  the  various  recovery  processes,  the  state 
of  the  art,  is  reflected  in  the  screening  procedure  used  at  the  initial 
stage  of  the  analysis  and  in  the  methods  used  to  estimate  the  technical 
incremental  recovery  for  reservoirs  that  successfully  passed  the 
screening  test.  This  assumed  level  of  understanding  implies  a  techni¬ 
cal  limit  on  enhanced  recovery  potential.  That  is,  regardless  of  how 
favourable  prices  and  costs  might  become,  the  maximum  recovery  poten¬ 
tial  is  limited  to  3.1  billion  barrels.  This  is  19  percent  of  the 
technical  target  or  13  percent  of  the  ultimate  remaining  oil  in  place 
after  primary  and  secondary  recovery  efforts.  Greater  recovery  vvould 
require  basic  technological  advance  in  the  various  production 
processes . 

Extrapolation  of  the  Alberta  recovery  potential  (2.4  billion 
barrels)  to  Canada  results  in  a  potential  of  seme  4  billion  barrels, 
with  most  of  the  increase  over  Alberta  attributable  to  the  heavy  oil 
deposits  in  Saskatchewan. 

Under  the  assumptions  of  our  model,  the  Alberta  potential  wculd 
be  produced  over  28  years  with  an  average  yearly  production  of  86 
million  barrels  (235,000  barrels  per  day).  This  production  wculd, 
however,  begin  slcwly,  build  to  a  maximum  of  240  million  barrels  per 
year  (or  656,000  barrels  per  day)  in  1992,  and  taper  off  gradually  in 
the  first  decade  of  the  twenty -first  century.  Canadian  production, 
from  areas  other  than  Alberta  (primarily  Saskatchewan),  is  likely  to  be 
increased  by  two  thirds  of  these  amounts. 
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In  Alberta  about  78  percent  of  the  potential  recovery  will  cone 
from  the  miscible  and  immiscible  gas  processes,  17  percent  from  thermal 
processes  and  5  percent  from  chemical  processes. 

For  Canada  as  a  vhole  these  percentages  become  miscible  61 
percent,  thermal  36  percent,  and  chemical  3  percent.  These  shares  are 
rather  invariant  to  changes  in  critical  parameters  once  the  marginal 
reservoirs  have  been  brought  on  stream. 

7.2.2  Costs  and  Supply  Prices 

The  cost  analysis  indicates  that  the  generally  assumed  impor¬ 
tance  of  'front  end'  costs  (usually  capital  equipment)  applies  to  these 
projects  but  an  even  more  significant  component  of  costs  is  attribut¬ 
able  to  injection  materials.  Front  end  costs  in  general  refer  to  costs 
that  must  be  incurred  before  production  begins.  In  our  models  produc¬ 
tion  usually  does  not  begin  until  the  second  year  of  operation  and  in 
some  cases  (microemulsion  and  miscible  gas  floods)  not  until  the  third 
year.  However,  all  costs  are  allocated  to  the  year  in  vhich  they  would 
occur  in  actual  operation.  Capital  costs  are  required  before  opera¬ 
tions  begin  and  are  allocated  to  year  one  for  each  unit  of  development. 
There  may  be  several  units  in  any  reservoir.  In  most  cases  initial 
injection  material  costs  are  also  incurred  in  year  one.  But  materials 
costs,  in  general,  continue  to  be  incurred  throughout  the  life  of  a 
project  (even  after  production  begins)  and  are  therefore  not  'front 
end'  costs  in  the  same  way  as  capital  costs  are.  The  effect  of 
increasing  individual  cost  components  revealed  a  very  high  sensitivity 
of  performance  to  increases  in  materials  costs,  particularly  in  the 
miscible  processes.  A  25  percent  increase  reduced  recovery  by  64 
percent.  The  reduction  in  the  net  social  value  of  this  oil  is 
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considerably  smaller  (41  percent)  indicating  the  eliminated  reservoirs 
were  high  cost  projects.  Nonetheless,  the  impact  is  significant. 

The  average  discounted  revenue  per  barrel  required  over  the 
entire  development  period  to  allcw  recuperation  of  all  costs  including 
an  8  percent  real  return  to  capital  investment  is  referred  to  as  the 
' supply  price ' .  It  depends  on  the  productive  characteristics  of  each 
reservoir  and,  therefore,  shows  considerable  variation  over  the  643 
economically  dcminant  projects  analyzed  here.  It  ranged  frcm  $1.76  per 
barrel  in  a  highly  productive  hydrocarbon  miscible  project  to  $96.05 
per  barrel  in  a  relatively  poor  polymer  project. 

By  treating  all  profitable  pools  in  a  particular  process  as 
part  of  an  overall  project,  we  are  able  to  calculate  a  supply  price  for 
that  process  which  is  essentially  an  average  of  individual  reservoir 
supply  prices  lighted  by  each  reservoir's  contribution  to  total  recov¬ 
ery.  These  are  as  follows  for  the  processes  investigated  here.  These 
supply  prices  do  not  include  the  upgrading  costs  for  heavy  oil  that 
would  be  required  for  steam  drive,  steam  stimulation  and  in  situ 
combustion. 


Weighted  Average 
Supply  Price 

(profitable  pools 
only) 


Range  of  Supply 
Prices  by  Reservoir 

(including  unprofit¬ 
able  pools) 


1978  dollars  per  barrel 


Steam  drive 

Steam  stimulation 

In  situ  combustion 

Alkaline 

Polymer 

Microemulsion 

Carbon  dioxide  miscible 

Hydrocarbon  miscible 


7.22 

10.19 

12.09 

6.64 

12.70 

17.68 

14.98 

15.32 


3.99  -  14.99 
3.02  -  44.79 
4.08  -  96.05 
16.15  -  64.87 
3.90  -  22.64 
1.76  -  82.02 


6.48  -  7.42 


10.19 
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Similarly,  if  treat  costs  from  all  projects  as  part  of  a 
single  project  we  calculate  an  overall  supply  price  for  tertiary 
activity  at  $13.90  per  barrel.  This  amount  compares  favourably  with 
recent  estimates  of  a  number  of  alternative  fuel  sources  (oil  sands, 
coal  liquefaction,  etc.)  which  range  upward  from  $20  per  barrel  depend¬ 
ing  cxi  the  particular  assumptions  adopted. 

7.2.3  The  Value  of  Production 
and  Its  Distribution 

The  potential  net  value  of  tertiary  production  to  society  is 
calculated  as  the  value  of  the  oil  minus  the  value  of  the  resources 
used  up  to  recover  the  oil.  The  present  value  of  the  2.7  billion 
barrels  that  would  be  produced  if  the  tax  system  had  no  impact  on  pro¬ 
duction  is  $26.1  billion  (in  1978  dollars).  The  real  resource  costs 
required  to  produce  this  oil  are  $18.7  billion  so  the  present  value  of 
the  net  social  benefit  to  Canada  would  be  $7.4  billion. 

Since  the  tax  system  interferes  somewhat  with  production 
activities  (by  making  seme  reservoirs  unprofitable  frem  an  industry 
point  of  view)  the  'realized'  net  social  benefit  is  somewhat  less  than 
the  'potential'.  Realized  production  of  2.4  billion  barrels  provides 
(in  present  value  terms)  social  revenue  of  $23  billion  with  associated 
costs  of  $16.1  billion  yielding  a  net  social  value  of  $7  billion  under 
current  tax  and  royalty  regulations.  The  elimination  of  300  million 
barrels  of  oil  with  a  net  present  value  of  $400  million  is  a  measure  of 
the  real  cost  of  the  tax  system. 

The  realized  net  social  benefits  are  distributed  through  taxes 
and  royalties  between  two  levels  of  government,  as  representatives  of 
the  owners  of  the  resource,  and  industry,  as  the  agent  of  production. 
If  industry  is  receiving  its  required  rate  of  return  (assumed  here  as 
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an  8  percent  real  return)  then  it  is  not  necessary  to  allow  it  to 
receive  any  of  the  net  benefits.  In  practice,  however,  ccmpanies  would 
receive  about  35  percent  of  the  net  benefits  largely  because  the  tax 
and  royalty  regulations  currently  in  place  do  not  appropriate  the  total 
net  value  for  the  resource  owners.  In  view  of  the  fact  that  individual 
reservoirs  exhibit  wide  variation  in  productivity,  it  is  difficult  to 
design  and  implement  a  uniform  collection  system  that  appropriates  the 
total  net  value  for  the  resource  owner  without  seriously  impairing  pro¬ 
duction  effort. 

A  (qualification  to  the  paragraph  above  is  in  order.  The  value 
of  the  social  benefit  is  dependent  on  the  private  rate  of  return 
required  by  industry.  Our  base  erase  assumption  is  that  this  real 
required  rate  of  return  is  8  percent,  which  leads  to  our  estimated  net 
benefits  of  $7  billion  of  which  industry  gets  35  percent.  But  if  we 
allow  industry  a  real  rate  of  return  of  15  percent  (22  percent  nominal 
if  inflation  is  7  percent),  the  net  social  benefits  are  reduced  to  $2.9 
billion  of  vhich  industry  receives  only  13  percent.  We  believe  that  8 
percent  is  a  fair  rate  of  return  especially  vhen  seme  portion  of  risks 
are  allowed  for  in  other  ways,  but  this  is  a  value  judgement,  an  area 
in  which  reasonable  people  might  reasonably  disagree,  especially  vhen 
risk  is  difficult  to  quantify. 

7.2.4  Seme  Principal  Results  of 
Sensitivity  Analysis 

The  assumptions  in  our  models  relating  to  the  size  of  the  pro¬ 
duction  unit,  the  length  of  time  over  which  production  or  injection 
would  occur,  and  the  percentage  of  production  and  injection  that  would 
occur  in  each  year,  implied  in  each  project  a  particular  rate  of  oil 
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flew  through  the  reservoir.  On  the  other  hand,  there  is  a  rraximum 
theoretical  flew  rate  that  can  be  determined  with  knowledge  of  the 
physical  characteristics  of  the  reservoir  and  the  oil  contained  in  it. 
In  order  to  ensure  that  this  theoretical  limit  was  not  exceeded,  we 
incorporated  a  check  on  implied  production  and  injection  rates.  When¬ 
ever  these  rates  exceeded  the  theoretical  limit  the  number  of  wells 
drilled  was  increased,  increasing  the  costs  of  development  for  that 
reservoir . 

This  technical  check  on  the  flew  rates  implied  by  the  assump¬ 
tions  of  the  models  was  operative  in  a  significant  number  of  cases 
(i.e.,  the  implied  production  or  injection  was  greater  than  the  reser¬ 
voir  could  handle)  .  The  problem  might  be  circumvented  in  the  field 
because  project  design  would  be  tailored  to  specific  reservoirs.  The 
result  does,  however,  indicate  a  potential  limitation  of  estimation 
procedures  in  other  studies  that  did  not  incorporate  this  check  and  may 
therefore  have  significantly  underestimated  development  costs. 

All  results  were  based  on  an  assumed  'project  initiation’ 
period  of  10  years  beginning  in  1980.  A  certain  percentage  of  projects 
(ranked  by  profitability)  are  started  in  each  year.  The  base  case  was 
repeated  using  a  20  year  initiation  period  with  very  little  impact  on 
the  results.  The  overall  supply  price  increased  by  ten  cents,  the 
present  value  of  after  tax  net  revenue  to  industry  was  reduced  by  7.6 
percent,  and  although  production  rates  for  individual  processes  were 
sometimes  altered  significantly,  overall  rates  of  production  vere 
altered  very  little.  The  maximum  daily  rate  is  again  achieved  in  1992 
and  is  only  10  percent  less  than  before. 

Detailed  sensitivity  analysis  was  carried  out  with  respect  to 
changes  in  four  critical  parameters,  the  price  of  oil,  development 
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costs,  the  assumed  recovery  factor,  and  the  general  assumptions  on  pat¬ 
tern  size  used  in  the  production  analysis.  The  purpose  of  this  was 
partly  to  establish  a  range  of  probable  results  but  also  to  provide 
additional  description  of  the  set  of  projects  under  consideration. 

The  results  indicated  the  existence  of  a  number  of  high  cost 
pools  that  would  not  be  profitable  if  the  price  over  this  development 
period  was  $15.  This  'development  plateau'  is  characterized  by  a  par¬ 
ticularly  heavy  impact  of  the  tax  system.  Selective  reduction  in  taxes 
in  the  $15  price  case  vould  increase  recovery  by  approximately  1 
billion  barrels  (116  percent)  whereas  in  the  $20  to  $25  price  cases  tax 
alterations  vould  increase  recovery  by  only  12  percent  and  1  percent 
respectively . 

The  development  plateau  is  concentrated  in  the  miscible  group, 
which  exhibits  a  marked  response  in  production  to  a  change  in  price 
from  $15  to  $20  per  barrel.  The  chemical  group  on  the  other  hand 
includes  very  productive  reservoirs  at  the  $20  price  and  a  $5  reduction 
has  little  effect  on  these  good  prospects.  The  implication  of  this  is 
that  at  prices  approaching  $20  per  barrel  the  chemical  projects  are  a 
more  reliable  group  than  miscible  ones.  The  marginal  reservoirs 
included  in  the  base  case  miscible  group  would  be  affected  to  a  greater 
degree  by  adverse  price,  tax,  or  cost  developments  than  would  the  chem¬ 
ical  group. 

Supply  elasticities  are  calculated  in  the  study.  The  elasti¬ 
city  related  to  all  processes  over  the  $10  price  range  investigated 
here  is  2.  Comparing  this  with  the  unitary  elasticity  of  supply  of 
conventional  oil  suggests  that  enhanced  oil  recovery  is  about  twice  as 
responsive  to  price  increases  as  conventional  oil  recovery.  This  is  a 
rough  comparison  only,  since  the  unitary  elasticity  estimate  for 
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conventional  oil  was  made  at  lower  price  levels  and  might  v*ell  be 
higher  for  the  high  prices  (and  large  price  changes)  used  in  cur 
calculation. 

Analysis  of  individual  process  results  indicates  that  the 
potential  of  individual  processes  for  profitable  production  generally 
exceeds  our  forecast  potential  vhich  is  based  on  the  optimal  production 
mix.  The  clearest  illustration  of  this  comes  from  comparing  the  hydro¬ 
carbon  and  carbon  dioxide  miscible  processes  since  these  both  apply  to 
the  same  set  of  reservoirs .  Carbon  dioxide  flooding  turns  out  to  be 
the  best  choice  in  99  reservoirs  vhereas  hydrocarbon  floods  are  best  in 
210  reservoirs.  If  the  carbon  dioxide  process  turned  out  to  be  imprac¬ 
tical  in  Alberta  (say  due  to  inadequate  sources  of  OC^),  it  is  likely 
that  all  99  reservoirs  could  be  developed  with  the  hydrocarbon  miscible 
approach.  Thus,  there  is  some  substitutability  between  processes  vhich 
would  partially  offset  any  adverse  developments  in  a  particular  area. 

7.2.5  Potential  Constraints 

A  rather  limited  analysis  of  possible  constraints  is  presented 
in  the  study.  There  appear  to  be  no  operative  constraints  on  enhanced 
recovery  operations  with  the  possible  exception  of  technical  expertise. 
One  reason  for  this  is  that  tertiary  recovery  will  essentially  follow 
secondary  recovery  effort.  Drilling,  manpower,  and  water  requirements 
are  thus  declining  in  the  latter  case  as  they  increase  in  the  former. 
Chemical  supply  might  have  been  a  constraint  if  the  chemical  processes 
had  captured  a  larger  share  of  the  potential  but  since  they  only 
account  for  about  5  percent  of  the  total  there  should  be  no  problem. 
External  financing  requirements  should  not  strain  the  capital  market 
unless  early  ventures  indicate  an  extremely  high  level  of  risk. 
Environmental  inpact  is  relatively  small  in  relation  to  almost  any 
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other  energy  development  area  and  most  impacts  are  reasonably  well 
understood  from  primary  and  secondary  operations.  Water  supply  may 
pose  problems  in  some  areas  due  to  conflicting  demands  and  should  be 
the  subject  of  further  research.  The  trend  in  supply  of  technically 
skilled  people  is  difficult  to  evaluate.  Institutions  respond  to 
increased  demands  with  a  lag  which  suggests  that  in  house  training  is 
likely  to  be  a  more  significant  source  of  expertise  for  some  time. 

7 . 3  Policy  Implications 

7.3.1  The  Nature  of  the  Energy 
Crisis  in  Canada 

For  many  industrialized  countries  the  energy  crisis  is  largely 
a  question  of  ensuring  adequate  supply.  Japan  and,  to  a  lesser  extent, 
Germany  face  the  prospect  of  increasing  dependence  on  foreign  sources 
at  costs  largely  beyond  their  control.  In  Canada  the  question  is  at 
present  more  one  of  cost .  Tb  what  extent  should  our  relatively  lew 
cost  sources  of  energy  be  utilized  intensively  today?  What  higher  cost 
sources  do  ws  have  available?  At  what  stage  should  relatively  higher 
cost  sources  be  phased  in? 

On  strictly  economic  grounds  the  latter  question  has  an  unam¬ 
biguous  answer.  The  most  efficient  exploitation  of  the  resource  base 
utilizes  available  resources  in  ascending  order  of  costs.  We  should 
bring  on  stream  lew  cost  resources  first  and  higher  cost  resources  only 
as  the  necessity  dictates.  But  let  us  assume  that  we  have  identified 
the  various  high  cost  sources  of  petroleum  available  to  the  country 
through  studies  such  as  this  one.  Nevertheless,  the  necessity  of 
bringing  them  on  stream  is  a  function  of  overall  objectives.  For 
example,  if  the  goal  is  self-sufficiency  in  petroleum  supply,  then  all 
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alternatives  should  be  pursued  as  fast  as  is  technically  possible.  The 
somewhat  less  stringent  goal  of  'self  reliance',  which  among  other 
things  involves  inports  less  than  or  equal  to  onethird  of  our  require¬ 
ments  by  1985  "...recognizes,  however,  that  the  policies  we  will  adept 
have  costs  as  well  as  benefits  and  a  balance  that  provides  the  maximum 
advantage  to  Canadians  nust  be  found."  The  self-reliance  objective 
allcws  a  little  more  flexibility  in  putting  off  high  cost  development 
to  sane  future  time.  This  seems  rational  since  future  conditions  of 
demand  and  supply  may  provide  better  justification  for  developing  these 
presently  high  cost  sources.  Furthermore,  technological  advances  may 
reduce  the  real  resource  cost  of  developing  these  alternative  sources. 

7.3.2  Seme  Non  Quantifiable  Social 

Benefits  of  Enhanced  Oil  Recovery 

Not  all  benefits  and  costs  of  economic  activity  can  be  express¬ 
ed  in  dollar  terms.  Potentially  adverse  inpacts  of  large  projects  on 
the  environment  or  on  some  other  aspect  of  the  quality  of  life  are  dif¬ 
ficult  to  evaluate  because  there  are  no  wsll  defined  markets  to  provide 
information  on  the  value  to  society  of  changes  in  this  'quality' .  This 
has  not  overly  concerned  us  here  since  we  are  dealing  with  small  pro¬ 
jects  with  apparently  little  likelihood  of  impairing  the  quality  of 
life. 

On  the  other  hand  there  are  a  number  of  potential  benefits 
which  cannot  be  accounted  for  within  the  standard  framework  of  individ¬ 
ual  project  analysis.  Such  benefits,  discussed  below,  should  somehow 
enter  into  social  decision  making,  though  the  precise  basis  on  which 
this  is  done  is  likely  to  be  more  political  than  economic. 
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Security  of  supply 

Although  the  security  of  supply  argument  my  be  ever  emphasized 
in  current  debate,  the  problem  does  exist  and  must  be  addressed  at  seme 
level.  Extended  interruption  of  offshore  oil  supplies  would  have  a 
depressing  effect  on  the  economy  of  North  Anerica,  and  Canada's  rela¬ 
tively  favourable  resource  situation  would  not  exempt  her.  Accepting 
this  possibility  increases  the  importance  of  any  activity  that  could 
serve  to  ameliorate  it.  On  a  more  general  level,  declining  petroleum 
supplies  are  certain  to  cause  some  adjustment  problems  in  future.  It 
may  be  that  the  most  important  contribution  of  enhanced  recovery  activ¬ 
ities  will  be  to  reduce  the  impact  during  the  transition  period,  until 
energy  demands  accommodate  the  new  reality  or  alternative  sources  of 
energy  are  developed. 

Rationalized  planning 

A  related  benefit  to  society  from  developing  expertise  in  this 
area  lies  in  rationalizing  the  planning  process.  Say,  for  example,  ve 
develop  our  collective  skills  enough  to  be  very  confident  of  predicting 
enhanced  recovery  potential .  Then  even  if  the  actual  prediction  v*as 
that  the  potential  was  negligible,  there  would  be  a  significant  benefit 
to  society  in  the  form  of  released  research  resources  directed  at  more 
premising  alternatives.  The  earlier  this  knowledge  is  made  available, 
the  better  our  future  planning  will  be. 

Increased  recoverability 

Any  firm  engaged  in  an  on  -going  search  for  oil  could  realize 
substantial  benefits  from  even  modest  increases  in  recoverability  by 
enhanced  techniques  since  these  would  increase  potential  revenue  from 
all  future  developments  and  discoveries.  But  such  future  benefits  are 
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often  discounted  by  private  companies  at  rates  much  greater  than  would 
be  socially  desirable  thus  reducing  their  attractiveness  in  present 
value  terms.  Furthermore,  individual  firms  cannot  be  sure  of  capturing 
the  benefits  from  tomorrow's  application  of  processes  developed  today 
because  of  limited  tenure  arrangements  and  political  uncertainties.  So 
they  cannot  be  expected  to  accept  the  full  costs  of  developing  those 
processes.  This  is  not  a  problem  from  society's  viewpoint,  however, 
since  either  the  group  accepting  the  costs  will  reap  the  benefits  or 
their  'heirs’  will. 

Again,  adopting  a  broader  viewpoint,  worldwide  oil  recovery 
productivity  will  be  significantly  affected  with  benefits  that  cannot 
be  entirely  appropriated  by  individuals .  A  part  of  them  can  since 
technical  expertise  is  an  exportable  ccrrmodity.  Another  part  will, 
however,  undoubtedly  flew  freely  to  the  world  oerrmunity,  ameliorating 
the  inpact  of  declining  supplies  on  a  world  scale,  and  making  some  con¬ 
tribution  to  world  stability  in  a  difficult  period. 

The  serendipity  value  of  basic  research 

Scientific  research  in  any  area  always  holds  the  possibility  of 
chance  applications  in  other  areas.  In  the  present  context,  general 
benefits  will  accrue  from  geological  and  geophysical  advances  and  frem 
increased  understanding  of  fluid  flow  through  porous  media.  The  seren¬ 
dipity  value  is  augmented  by  certain  'likely'  applications  of  this 
increased  knowledge  in  related  areas,  such  as  the  development  of  geo¬ 
thermal  and  oil  sands  energy  sources. 

7.3.3  The  Role  of  Government 

The  non -competitive  nature  of  oil  producing  activities  and  the 
existence  of  non-market  benefits  related  to  enhanced  oil  recovery  pro¬ 
vides  some  justification  for  government  intervention.  The  nature  and 
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extent  of  that  intervention  is  a  policy  decision  that  must  be  made 
within  the  constraining  context  of  overall  national  objectives.  Provi¬ 
sion  of  a  special  environment  to  facilitate  enhanced  recovery  activity 
is  unwise  without  considering  other  energy  supply  options,  a  task  vjell 
beyond  our  present  scope.  The  notion  of  an  'Energy  Policy'  is  itself 
potentially  misleading  since,  to  reduce  a  complex  argument  to  its 
essentials,  'all  of  our  problems  are  interdependent'.^ 

However,  certain  accepted  regulatory  activities  of  government 
are  complementary  to  the  objectives  of  industry  and  are  of  particular 
importance  to  enhanced  recovery.  First,  the  feet  that  the  state  of  the 
art  is  relatively  undeveloped  means  that  individual  operators  may  be 
unaware  of  potentially  profitable  applications  of  tertiary  techniques. 
As  pools  reach  their  producing  economic  limit  they  may  be  plugged  and 
abandoned  through  ignorance  rather  than  necessity.  This  wDuld  severely 
increase  the  costs  of  any  later  field  development.  Such  occurrences 
may  be  prevented  by  the  regulatory  review  agencies  in  each  province 
that  monitor  development  practices. 

These  same  agencies  and  divisions  of  the  federal  Department  of 
Energy,  Mines  and  Resources  and  the  National  Energy  Board  provide  an 
important  service  in  the  mintenance  and  update  of  geological,  geo¬ 
physical  and  reservoir  data.  Canada  is  at  the  forefront  in  this  area, 
thanks  in  part  to  observance  of  early  errors  in  the  U.S.,  and  should 
continue  to  upgrade  the  amount  and  quality  of  this  information  vhich 
ultimately  ends  up  in  the  public  domain. 

The  requirement  for  field  pilot  testing  offers  potential  for 
government  involvement  which  could  usefully  complement  industry. 
Although  field  pilot  costs  are  a  very  small  component  of  any  project 
that  reaches  the  development  stage,  they  are  not  insignificant  when  it 
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is  recognized  that  they  relate  to  the  highest  risk  phase  of  any  recov¬ 
ery  project.  A  fairly  modest  government  involvement  in  many  projects 
at  this  initial  stage  would  in  effect  pool  some  of  the  risk  while 
reducing  risk  dramatically  to  individual  operators.  This  would  appear 
to  be  a  natural  activity  for  our  national  petroleum  company  (Petro- 
Canada)  and  one  which  should  be  welcomed  by  industry.  The  importance 
of  such  participation  is  increased  by  the  fact  that  there  are  often 
opportunities  to  expand  pilot  tests  beyond  the  narrow  interest  of  an 
individual  operator  in  order  to  obtain  information  of  wider  applicabil- 
lty  that  would  help  in  problems  of  other  reservoirs. 

General  benefits  from  increased  information  dissemination  might 
be  increased  significantly  by  a  centralized  agency  of  government. 
Industry  does  an  admirable  job,  through  related  professional  organiza¬ 
tions  and  journals,  of  communicating  technical  developments.  But  there 
is  inevitably  a  lag  that  may  extend  to  several  years  in  getting  this 
information  to  the  people  who  can  use  it  most.  Any  action  to  reduce 
the  time  lag  could  have  very  beneficial  results.  Individual  ccnpanies 
have  little  incentive  to  share  information  but  a  government  actively 
sharing  risks  would  have  an  interest  (and  much  of  the  capability 
already  in  place)  to  ensure  new  knowledge  was  passed  on  as  quickly  as 
possible . 

Governments  also  have  the  potential  to  directly  affect  the  pro¬ 
fitability  of  resource  development  through  pricing,  tax,  and  royalty 
policies.  The  range  of  numerical  estimates  emerging  from  the  sensitiv¬ 
ity  runs  of  our  model  clearly  indicate  the  very  great  impact  such 
policies  may  have  on  the  potential  for  enhanced  recovery.  The  complex¬ 
ity  of  the  issues  is  quite  high,  especially  when  ve  recall  cur  earlier 
caveat  regarding  the  need  to  integrate  policy  decisions  in  diverse 
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areas  of  vhich  'energy  supply’  is  only  one.  With  this  warning  restat¬ 
ed,  however,  we  proceed  to  a  consideration  of  the  more  important  areas 
of  concern .  These  involve  determining  the  appropriate  price  for  petro¬ 
leum  resources  and  determining  appropriate  tax  and  royalty  policies  to 
be  applied  to  petroleum  development.  Decisions  in  these  areas  ulti¬ 
mately  determine  how  the  benefits  from  enhanced  oil  recovery  will  be 
distributed  among  Canadians,  a  somewhat  controversial  question  with 
which  we  will  conclude  cur  discussion. 

Aspects  of  tax  policy 

Controversy  surrounding  taxation  of  petroleum  finding  and 
development  activities  dates  at  least  from  the  Chrter  Oorrmission  on 
Taxation  (1966)  and  has  centred  on  the  depletion  allowance  and  certain 
other  provisions  that  have  no  counterpart  in  the  manufacturing 
sector.  The  supporters  of  these  provisions  cite  special  conditions 
in  the  industry;  the  particular  difficulty  of  attracting  international 
capital  and  the  special  risks  associated  with  oil  and  gas  finding  and 
development  activities. 

The  special  needs  for  financing  in  the  oil  industry  have  led  to 
suggestions  that  industry  cash  flows  mist  be  relied  on  to  provide  much 
of  the  necessary  capital  for  finding  and  developing  future  petroleum 
supplies.  This,  in  turn,  leads  to  arguments  suggesting  that  industry 
needs  either  more  favourable  tax  treatment  or  prices  approaching  world 
levels  to  finance  increasingly  expensive  exploration  and  development 
activities.  This  is  not  a  particularly  convincing  argument  since  it 
ignores  other  potential  sources  of  finance.  A  major  function  of 
capital  markets,  both  domestic  and  international,  is  to  facilitate  pro¬ 
ject  financing,  and  these  markets  appear  to  be  responding  to  the  need 
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for  new  financing  vehicles.  Furthermore,  there  is  no  reason  why 
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government  cannot  channel  a  good  proportion  of  royalties  and  taxes  back 
into  petroleum  development;  solving  the  financing  problem  without  giv¬ 
ing  the  wealth  directly  to  industry  (which  is  largely  foreign  owned). 

The  second  argument  supporting  special  tax  provisions  for  the 
oil  industry  is  based  on  the  risk  associated  with  exploration  and 
development.  However,  dry  hole  risks  are  easily  pooled  within  large 
firms  and  risks  associated  with  demand  and  supply  are  ameliorated  by 
diversification  and  perhaps  some  risk  sharing  with  customers  through 
long  term  contracts.  These  devices  are  not  as  available  to  small  firms 
who  ray  face  generally  higher  risks.  However,  it  is  quite  probably  the 
case  that  snaller  firms  in  other  industries  face  greater  risks  than 
large  firms  as  well.  Thus,  there  is  a  general  presumption  that  risks 
in  the  petroleum  industry  have  not  been  shown  to  be  greater  than  in 
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other  industries. 

The  activity  of  enhanced  oil  recovery  may  be  somewhat  differ¬ 
ent,  however,  since  pooling  of  the  risks  of  failure  of  pilot  projects 
is  less  easily  handled  even  within  very  large  companies .  Nonetheless, 
the  results  of  our  tax  estimation  suggest  that  for  most  of  the  poten¬ 
tially  recoverable  oil  the  current  tax  and  royalty  regulations  actually 
allow  industry  seme  profit  in  excess  of  their  required  rate  of  return, 
assumed  here  to  be  8  percent  in  real  terms  (15  percent  in  nominal 
terms,  assuming  a  7  percent  rate  of  inflation).  It  appears  that 
special  tax  concessions  to  encourage  enhanced  recovery  should  not  be 

necessary.  Government  involvement  ray  be  more  appropriate  in  areas 
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designed  to  identify  the  true  nature  of  associated  risk  elements. 

On  a  more  specific  level,  as  mentioned  above,  our  cost  analysis 
indicated  that  the  most  significant  component  of  costs  relates  to 
materials  rather  than  capital  equipment.  Current  tax  regulations 
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allowing  expensing  of  materials  costs  rather  than  capitalization 
appear  appropriate  for  large  operators  with  abundant  income  against 
Which  such  expenses  can  be  written  off.  Smaller  operators  might  find 
capitalization  of  these  expenses  more  advantageous  since  they  could 
then  be  included  in  a  pool  such  as  that  for  Canadian  Development 
expense  which  would  allcw  them  to  be  carried  forward  indefinitely. 
This  option  would  provide  more  equal  treatment  of  small  operators  vis  a 
vis  major  oil  companies. 

There  is,  in  fact,  quite  probably  a  general  bias  in  the 
regulatory-tax  environment  that  works  in  favour  of  the  larger  opera¬ 
tors.  Such  a  bias  involves  such  things  as  income  limitations  on  deduc¬ 
tions  that  operate  in  favour  of  companies  with  larger  taxable  incomes 
and  time  limits  on  the  carry-back  and  carry-forward  of  losses  which  are 
likely  to  increase  risk  for  smaller  firms  that  may  be  unable  to  com¬ 
pletely  use  the  loss  provision.  Such  provisions  generally  do  not 
affect  a  large  company  wherein  losses  fron  individual  projects  are 
likely  to  be  completely  deductible  under  present  rules.  Thus,  for 
small  companies,  the  incomplete  loss-offset  related  to  new  projects 
introduces  an  anti-risk-taking  bias  to  the  tax  system.  ^  for 
large  companies  the  loss-offset  is  complete  and  no  bias  exists.  This 
situation  may  militate  against  enhanced  recovery  activities  in  fields 
controlled  by  smaller  Canadian  companies. 

Tax  deduction  pools  that  can  be  carried  forward  indefinitely 
and  passed  on  to  new  owners  have  the  somewhat  perverse  effect  of  making 
it  on  occasion  more  profitable  for  a  company  to  invest  surplus  earnings 
by  buying  another  company  than  by  engaging  in  the  development  or 
exploration  activities  for  which  the  deductions  were  intended.  The 
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occasionally  observed  diversity  of  offers  per  share  in  attempted  take¬ 


overs  are  graphic  evidence  of  this  point.  Small  divergencies  can  be 
accounted  for  by  differing  estimates  of  the  warth  of  a  company's  assets 
but  the  very  large  differences  in  bids  are  ccmmonly  based  on  the  rela¬ 
tive  tax  positions  of  the  bidding  companies.  The  extent  and  importance 
of  such  inpacts  of  the  tax  system  deserve  in  depth  study. 

Royalties 

Royalties  are  a  return  to  the  owners  of  the  resource  for  allow¬ 
ing  development  and  are  generally  claims  on  gross  revenues  rather  than 
profits.  In  some  instances  certain  cost  elements  may  be  deducted 
before  calculation  of  the  royalty.  This  is  the  case  for  enhanced 
recovery  operations  vherein  any  costs  in  excess  of  those  deemed  neces¬ 
sary  for  primary  and  secondary  recovery  may  be  deducted  before  calcula¬ 
tion  of  the  royalty.  Although  this  means  the  royalty  is  not  precisely 
levied  against  total  revenues  neither  is  it  levied  only  against  pro¬ 
fits.  The  result  is  that  royalties  may  exist,  in  certain  cases,  even 
When  the  project  wauld  otherwise  just  cover  real  development  costs. 
Thus  they  may  prevent  development  of  some  reservoirs  that  wauld 
otherwise  be  viable.  It  is  arguable  that  royalties  should  be  based  on 
profits  not  gross  revenues.  This  is  because  economic  costs  include  the 
required  return  to  capital  and  risk  taking.  Thus,  when  revenues  from  a 
project  are  just  sufficient  to  cover  economic  costs,  profit  is  zero  but 
the  project  is  viable  nonetheless.  If  royalties  are  based  on  profit, 
all  such  projects  will  generate  zero  royalties  and  will  therefore  be 
undertaken.  If  royalties  are  based,  even  in  part,  on  gross  revenues 
all  such  projects  will  generate  positive  royalties  and  will  therefore 


not  be  undertaken. 
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The  inport ance  of  this  distinction  depends  on  vhether  the 
rights  to  the  royalty  payment  reside  with  the  public  or  with  a  private 
resource  cwner.  A  private  owner,  arguing  that  his  claim  to  a  return  is 
as  valid  as  that  of  the  capital  owner  will  refuse  to  allow  development 
unless  he  receives  seme  return  (in  the  form  of  a  royalty  payment).  In 
the  zero  profit  case  mentioned  above,  this  decision  would  prevent 
development,  and  the  consumption  benefits  would  be  lost  to  the  public. 
A  public  owner  (government)  facing  the  same  situation  should  forego  the 
royalty  on  production  to  ensure  that  the  consumption  benefits  fron  the 
oil  provided  by  the  project  are  made  available  to  the  public.  The 
implication  of  this  argument  is  that  royalties  should  be  levied  on  net 
profits  only  so  that  in  case  of  a  conflict  between  the  owners  of  the 
resource  and  the  owners  of  the  capital  required  to  develop  it,  the 
latter  will  prevail  and  the  oil  will  be  made  available  to  consumers. 

Oil  price  policy 

Optimal  pricing  policies  could  easily  be  allocated  a  chapter 
(or  a  book)  of  their  own.  They  involve  difficult  theoretical  consider¬ 
ations  that  go  beyond  the  level  of  discussion  here.  The  purpose  of 
this  section  is  to  provide  seme  appreciation  for  our  reticence  to 
endorse  recommendations  for  a  rapid  movement  of  domestic  prices  to 
world  levels,  in  spite  of  the  obvious  incentive  to  enhanced  recovery 
such  action  would  entail.  The  position  adopted  here  essentially  recog¬ 
nizes  a  potential  tradeoff  between  efficiency  and  maintenance  of  some 
potential  for  a  strategic  response  to  OPEC. 

The  orthodox  economic  rationale  for  allowing  the  domestic  price 
of  a  depleting  resource  such  as  oil  to  rise  to  world  levels  has  a  num¬ 
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1.  It  is  presumed  that  higher  prices  will  reduce  consumption  of 

oil  products  because  of 

a)  a  general  reduction  in  purchasing  power,  and 

b)  greater  utilization  of  alternative  sources  of  energy  such  as 
natural  gas,  coal,  and  electricity. 

2.  It  is  presumed  that  higher  oil  prices  will  increase  the  supply 

of  oil  through 

a)  increased  exploration  activity  in  both  interior  and  frontier 
areas ,  and 

b)  increased  recovery  from  existing  reservoirs  by  application 
of  the  somewhat  more  costly  enhanced  recovery  techniques. 

The  first  point,  relating  to  the  conservation  effect  of  higher 
oil  prices,  is  intuitively  plausible  in  a  qualitative  sense  but  its 
quantitative  importance  is  difficult  to  evaluate  without  knowledge  of 
the  responsiveness  of  the  demand  for  oil  to  changes  in  its  price  (the 
price  effect)  and  the  responsiveness  of  the  demand  for  oil  to  changes 
in  real  income  (the  income  effect) . 

The  price  effect  depends,  in  part,  on  the  quantity  and  cost  of 
the  alternatives  available  to  consumers.  Actual  substitution  of  other 
energy  sources  for  oil  increases  the  demand  and  thus  the  price  of  those 
sources  partially  offsetting  their  impact  in  reducing  oil  consumption. 
The  effect  of  increased  oil  prices  on  purchasing  power  varies  according 
to  the  proportion  of  individual  consumer '  s  incomes  and  wealth  that 
comes  from  equity  shares  in  the  oil  supply  industries.  The  higher  is 
this  proportion,  the  smaller  is  the  impact,  and  in  fact  consumers  with 
extensive  income  from  this  source  will  realize  an  increase  in  purchas¬ 
ing  power  as  oil  prices  rise  vhich  might  lead  them  to  actually  increase 
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their  use  of  oil.  It  is  likely  that  the  net  effect  of  increased  oil 
prices  would  be  to  reduce  average  real  incomes  but  to  what  extent  this 
would  reduce  oil  consumption  is  difficult  to  determine  in  the  absence 
of  information  about  income  elasticities .  For  these  reasons ,  the 
irrpact  of  increased  domestic  prices  may  be  more  a  distributional  impact 
and  less  an  inpact  on  aggregate  consumption  than  is  ccmronly  supposed . 
The  inpact  on  the  distribution  of  income  will  be  discussed  below.  The 
consumption  impact,  though  perhaps  smaller  than  commonly  believed,  is 
probably  significant,  especially  over  the  long  term,  as  evidenced  by 
the  'economy  car'  economies  of  Europe  and  Japan.  Here  again,  however, 
more  information  would  be  required  for  a  definitive  judgment  since 
there  are  other  factors  (besides  differing  levels  of  oil  prices)  that 
may  explain  differences  between  these  economies  and  that  of  Canada . 

The  incentive  effect  of  higher  prices  on  enhanced  recovery 
activity  (and  by  analogy,  exploration)  is  illustrated  in  the  present 
study,  vherein  a  significant  portion  of  the  increased  monetary  benefits 
are  left  with  the  producing  companies.  There  is,  however,  an 
offsetting  factor  that  has  not  been  explicitly  dealt  with  and  vhich 
could  be  important  in  the  short  term  future.  Economists  have  labelled 
this  factor  'user  cost,'  defined  as  the  present  value  of  future  profit 
foregone  by  developing  a  resource  (or  using  a  piece  of  capital)  today. 
That  is,  a  barrel  of  oil  produced  today  implies  a  lost  opportunity  to 
produce  it  (and  earn  a  profit  from  it)  tomorrow. 

Whenever  the  present  value  of  future  profits  is  larger  than 
present  profits,  user  costs  are  positive  and  production  may  profitably 
be  postponed  to  the  future.  This  would  occur,  for  example,  if  future 
development  costs  were  the  same  as  present  ones  but  future  prices  of 
oil  were  higher  than  present  prices.  Postponing  production  to  the 
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future  would  reduce  supplies  today  and  cause  increases  in  price  that 
would  raise  current  profits  until  they  exceeded  the  present  value  of 
future  profits.  This  would  precipitate  current  production  with  a 
consequent  depressing  effect  on  price.  Eventually,  efficient 
production  over  time  would  yield  current  production  levels  that  equated 
current  profit  with  the  present  value  of  future  profit  foregone.  Thus 
if  future  prices  and  costs  were  kncwn  with  certainty,  free  market 
prices  would  provide  an  efficient  guide  to  production  over  time. 

However,  the  future  is  not  known  so  we  must  deal  only  with 
expectations.  Expectations  are  sometimes  fragile  constructs,  built  on 
weak  foundations  and  abandoned  at  the  slightest  tremor  as  evidenced  by 
wild  fluctuations  in  the  war  Id  gold  market  in  late  1979.  In  other 
cases  they  are  held  rigidly  and  have  a  significant  influence  on  econo¬ 
mic  activity.  Giant  discoveries  in  East  Texas  in  the  1930s  led  to 
widespread  expectations  of  negative  user  costs  which  caused  severe 
overproduction,  fulfilling  the  expectations  by  forcing  prices  dcwn 
relative  to  costs.  Government  enforced  prorationing  and  the  Oonnally 
Hot  Oil  Act  were  required  to  alter  expectations  and  stabilize  the 
industry. ^  Expectations  in  late  1979  appear  to  be  solidly  biased 
toward  the  inevitability  of  higher  oil  prices.  The  collective  accep¬ 
tance  of  OPEC  ’  s  monopolistic  dictates  through  inaction  on  the  part  of 
consuming  countries  (and  the  tacit  support  of  non-OPEC  producers  who 
are  almost  de  facto  members  of  OPEC)  could  lead  to  no  other  general  set 
of  expectations. 

The  importance  of  these  considerations  to  enhanced  oil  recovery 
is  this.  In  spite  of  the  clear  profitability  of  numerous  projects  at 
current  prices  many  of  these  projects  could  be  delayed  by  operators  who 


. 


274 


expect  rapid  increases  in  price  in  future.  Expected  real  price 
increases  in  excess  of  the  real  rate  of  interest  would  be  sufficient  to 
delay  production  since  invested  returns  from  current  production  wculd 
yield  less  than  future  production.  Thus  it  should  be  no  great  sur¬ 
prise,  given  current  expectations,  to  find  a  level  of  enhanced  oil 
recovery  activity  somewhat  below  that  indicated  by  current  profit 
measures . 

The  situation  is  exacerbated  in  an  oligopolistic  industry  dom¬ 
inated  by  a  relatively  small  number  of  well  financed  firms.  Such  firms 
have  considerable  scope  for  holding  off  production  development  over 
time  either  as  a  response  to  perceived  user  costs  or  as  a  bargaining 
manoeuvre . 

The  problem  highlights  the  importance  to  government  policy 
makers  of  monitoring  the  real  costs  of  different  projects  and  energy 
sources  in  order  to  recognize  any  unrealistic  demands  of  industry  for 
higher  prices  or  tax  concessions.  From  the  present  analysis  it  appears 
unlikely  that  such  concessions  are  required  nor  would  they  be  likely  to 
elicit  any  massive  speed-up  in  the  rate  of  current  exploitation. 
Industry  can  only  handle  so  much  expansion  over  limited  time  periods. 
Moreover,  in  the  absence  of  finely  tuned  royalties  and  taxes  on  differ¬ 
ential  rents,  higher  prices  for  oil,  while  increasing  returns  on  new 
higher  cost  projects,  will  also  make  returns  on  lew  cost  conventional 
fields  even  more  attractive,  so  that  the  relative  attractiveness  of 
pushing  on  to  new  energy  sources  and  exotic  production  methods  will  not 
be  especially  increased. 
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The  Distribution  of  Benefits 

We  began  our  discussion  of  policy  implications  with  the  comment 
that  in  Canada  the  energy  crisis  is  more  a  crisis  of  cost  than  supply. 
This  applies  to  the  global  situation  as  well,  although  some  countries 
with  no  indigenous  supplies  are  mare  vulnerable  than  others.  None¬ 
theless,  the  war  Id  problem  is  not  ascribable  to  imminent  shortages  of 

energy  but  rather  is  due  to  conflicting  claims  on  the  benefits  gener- 

17 

ated  by  energy  use.  This  conflict  is  usually  characterized  as 
OPEC  versus  the  rest  of  the  war Id,  but  the  aquiescence  of  non -OPEC  pro¬ 
ducers  to  OPEC  policy  initiatives  means  it  would  be  more  correctly 
characterized  as  owners  of  property  rights  to  energy  resources  versus 
energy  consumers. 

In  Canada  this  has  precipitated  an  east -west  debate  with  regard 
to  the  advisability  of  raising  domestic  oil  prices  to  world  levels. 
Consuming  provinces  argue  this  would  seriously  impair  the  country's 
competitive  position  in  activities  that  are  relatively  energy  inten¬ 
sive.  They  argue  further,  that  the  increased  transfer  of  wealth  to 
producing  provinces  wauld  be  unfair  and  seme  more  equitable  division  of 
benefits  should  be  sought.  Producing  provinces  argue  that  increased 
energy  costs  would  affect  only  a  small  proportion  of  industrial  activ¬ 
ity  and  that  the  benefits  of  oil  development  rightfully  belong  to  them 
just  as  benefits  from  other  resources  belong  to  the  provinces  in  which 
they  are  found. 

There  is  no  simple  solution  to  this  debate.  There  are  some 
strong  economic  arguments,  discussed  in  the  previous  section,  in  favour 
of  moving  domestic  oil  prices  to  world  levels.  These  include  promoting 
conservation,  accelerating  domestic  exploration  and  enhanced  recovery, 
encouraging  the  development  of  other  energy  sources,  and  increasing  the 
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likelihood  of  end  users  choosing  already  available  alternatives. 
Adverse  inpacts  on  individual  industries  would  be  better  handled  by 
direct  subsidies  than  by  holding  prices  down  for  all  users.  Each  time 
we  use  a  barrel  of  oil  domestically  and  assign  it  a  lower  value  than  we 
could  have  received  by  exporting  it  we  have  incurred  a  net  loss. 

The  essentials  of  this  argument  have  been  presented  by  several 
authors  usually  in  discussion  of  the  export  tax  and  subsidy  arrange - 

13  ... 

ments.  An  oil  export  tax  combined  with  a  subsidy  on  the  price 
of  imported  oil  results  in  a  transfer  of  benefits  from  owners  and  pro¬ 
ducers  of  oil  to  consumers.  But  there  are  also  deadweight  losses, 
losses  that  are  not  offset  by  gains  elsewhere  in  the  economy.  It  is 
these  losses  upon  which  arguments  against  interfering  with  world  prices 
are,  in  part,  based.  Further  arguments  against  domestic  prices  lower 
than  world  levels  relate  to  the  incidence  of  the  subsidy. 

Low  domestic  prices  benefit  all  consumers,  rich  and  poor  alike, 
although  there  is  seme  evidence  that  the  subsidy  is  progressive  and 
thus  benefits  the  poor  more  than  the  rich .  ^  But  also  among  the 
beneficiaries  are  mnufacturing  industries  that,  because  of  reduced 
fuel  costs,  realize  increased  profits  a  portion  of  which  go  to  foreign 
shareholders.  Similarly,  export  industries  may  translate  reduced  fuel 
costs  into  reduced  prices,  which  benefits  them  due  to  increased  pene¬ 
tration  of  foreign  markets  but  also  may  benefit  foreign  consumers 
through  reduced  prices. 

Professor  T.  L.  Powrie  has  investigated  the  effect  of  including 
gains  and  losses  to  foreigners  in  the  analysis  and  has  concluded  that 
under  a  reasonable  set  of  assumptions  the  deadweight  losses  caused  by 
the  export  tax  may  be  more  than  offset  by  an  induced  transfer  of  bene¬ 
fits  from  foreign  shareholders  to  domestic  beneficiaries.15 
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is  a  useful  restriction  on  the  generality  of  the  orthodox  analysis 
Which  also  points  up  the  complexity  of  the  problem.  Nonetheless, 
Profsssor  Pcwrie  recognizes  a  better  approach  than  the  export  tax  to 
maximize  national  income,  namely  higher  rates  of  either  profit  related 
royalties  or  corporate  income  taxes.  If  either  or  both  these  instru¬ 
ments  are  feasible  he  would  support  prices  approaching  world  levels. 

The  efficiency  arguments  in  favour  of  a  single  price  for 
Canadian  domestic  oil  at  the  world  level  are  compelling  and  widely 
accepted  among  economists.  On  the  other  hand,  it  is  difficult  to 
ignore  the  fact  that  the  world  price  is  clearly  monopolistic,  contrived 
by  a  cartel  rather  than  by  freely  operating  forces  of  demand  and 
supply.  The  implications  of  this  are  not  entirely  clear  because  the 
theoretical  optimum  rate  of  change  of  prices  for  a  depleting  resource 
cannot  be  determined  without  knowledge  of  future  levels  of  demand  and 
supply.  This  means  cannot  say  in  certainty  vhether  current  price 
levels  (and  rates  of  depletion)  are  above  or  belcw  the  optimum  level. 
The  existence  of  spot  prices  for  oil  (in  late  1979)  that  are  in  excess 
of  twice  the  average  OPEC  price  may  suggest  the  average  price  is  still 
below  seme  long  run  optimum.  However,  these  spot  prices  are,  in  feet, 
due  to  the  supply  restriction  imposed  by  the  producers  and  it  does  not 
appear  unreasonable  to  assume  that  the  effect  of  the  cartel  accords 
with  predictions  of  economic  theory  in  reducing  production  and  increas¬ 
ing  prices  to  a  level  above  the  long  term  optimum.1^  Such  mono¬ 
polistic  exploitation  is  recognized  in  theory  as  increasing  benefits  to 
producers  at  the  expense  of  consumers  usually  with  the  undesirable 
result  of  reducing  combined  benefits  from  what  they  would  be  in  a  com¬ 
petitive  situation.  For  this  reason  monopolies  are  banned  by  law  or  at 
least  closely  regulated  in  most  if  not  all  countries.  The  acceptance 
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of  such  a  price  as  a  'justifiable'  benchmark  appears  somewhat  tenuous. 

The  above  discussion  suggests  that  the  world  oil  price  is  pro¬ 
bably  supported  at  artificially  high  levels  by  the  monopoly  power  of 
OPEC.  The  Canadian  domestic  price,  often  referred  to  as  'artificially 
low'  ,  may  in  fact  be  closer  to  a  socially  optimum  price  than  the  war  Id 
price.  But  the  fact  that  Chnada  is  small  relative  to  the  world  oil 
market  carpels  acceptance  of  this  price  as  the  opportunity  cost  of 
dcmestically  consumed  oil.  A  possible  objection  to  this  passive  view 
is  that  it  precludes  consideration  of  potential  countermeasures,  such 
as  a  'consumer  cartel'  or  the  use  of  strategic  materials  in  trade  to 
attempt  to  reduce  the  pcwer  of  one  group  of  countries  to  unilaterally 
set  the  price  of  such  a  vital  ccmmodity,  and  in  so  doing  to  funnel  an 
increasing  fraction  of  the  world ' s  wealth  into  their  treasuries . 
Furthermore,  there  is  sane  danger  that  acceptance  of  a  contrived  world 
price  my  provide  an  artificial  incentive  causing  excessive  investment 
in  high  cost  sources.  If  the  cooperating  producers  break  up  or  decide 
that  they  have  exceeded  the  optimal  price  from  their  cwn  point  of  view, 
subsequent  price  reductions  could  make  such  investment  uneconomic. 

But  Canada  is  small  and  acting  alone  can  have  little  impact 
on  the  world  market.  So  if  we  reject  the  possibility  of  a  collective 
response  to  OPEC,  the  received  wisdom  about  domestic  prices  does  not 
seem  unreasonable.  The  theoretical  optimization  of  total  benefits  to 
Canadians  would  occur  by  allowing  petroleum  prices  to  rise  to  the  level 
of  the  best  alternative,  currently  imported  oil.  This  is  true  regard¬ 
less  of  how  the  world  price  is  set  since  in  any  case  it  represents  the 
opportunity  price  as  far  as  Canada  is  concerned.  The  resulting  bene¬ 
fits  then  should  be  distributed  in  same  fashion  among  those  who  have  a 
claim  to  thorn.  Such  a  distribution  is  a  sensitive  issue  since 
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claimants  include  at  least  two  levels  of  government,  producers  and 
consumers. 

Over  the  longer  term  it  might  be  more  appropriate  to  adopt  as 
a  target  seme  price  that  approximates  the  marginal  cost  of  energy  sup¬ 
plies  including  those  frem  non-petroleum  sources.  The  actual  cost  will 
depend  on  the  level  of  energy  supplies  that  it  is  decided  to  provide 
from  domestic  sources.  A  political  decision  to  pursue  self  sufficiency 
in  energy,  though  it  should  be  taken  with  some  knowledge  of  the  costs 
involved,  would  determine  the  level  of  domestic  energy  supplies  requir¬ 
ed  and  thus  determine  the  incremental  costs  required  to  achieve  it . 
The  costs  might  be  above  or  below  the  world  petroleum  price.  Such  a 
decision  would  require  a  degree  of  ccrrmitment  so  that  possible  subse¬ 
quent  reductions  in  inport  costs  would  not  be  allowed  to  interfere  with 
investments  in  developing  domestic  sources  but  would  rather  be  accepted 
as  part  of  the  cost  of  the  security  of  self  sufficiency.  This  scenario 
would  increase  the  importance  of  enhanced  recovery  from  conventional 
reservoirs  since  our  cost  estimates  appear  favourable  when  compared 
with  costs  of  many  alternative  sources  of  energy. 

Whatever  the  persuasion  of  the  debaters  there  seems  to  be 
general  agreement  that  if  domestic  prices  are  to  move  to  world  levels 
they  should  do  so  gradually.  This  would  minimize  general  adjustment 
costs  in  the  economy  which  are  thought  to  be  higher  for  more  rapid 
changes.  Our  discussion  of  user  costs  contributes  another  reason  for 
gradual  price  increases.  If  the  rate  of  increase  in  prices  is  expected 
to  exceed  the  rate  of  interest,  there  is  a  definite  and  rational  incen¬ 
tive  for  producers  to  slew  dewn  production  and  delay  bringing  new  pro¬ 
jects  on  stream.  They  can  earn  more  by  leaving  the  oil  in  the  ground 
to  appreciate  in  value.  To  avoid  downward  pressure  on  domestic 
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supplies,  either  direct  regulation  is  required  or  the  rate  of  price 
increase  adopted  should  be  less  than  the  rate  of  interest  (a  proxy  for 
alternative  investment  opportunities) . 

This  discussion  exemplifies  the  difficulties  in  even  attaining 
the  proper  perspective  frcm  which  policy  suggestions  related  to 
Enhanced  Oil  Recovery  should  be  viewed.  World  prices  would  provide  a 
prime  development  incentive,  yet  their  overall  effect  on  the  country's 
welfare  (which  must  be  the  ultimate  concern  of  government)  is  not 
unambiguous . 
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30th  Annual  Technical  Meeting  of  the  Petroleum  Society  of  CIM,  Banff, 
Alberta,  May  8-11,  1979.  Terry  R.  Gibson,  Peter  L.  Jones,  and  Michael 
J.  Tims,  "A  Survey  of  Financing  Alternatives,"  Oilweek,  October  22, 
1979,  pp.  F2-F8. 


^Joseph  E.  Stiglitz,  "The  Efficiency  of  Market  Prices  in 
Long-run  Allocations  in  the  Oil  Industry,"  in  Studies  in  Energy  Tax 
Policy,  ed.  Gerard  M.  Brannon  (Cambridge,  Mass.:  Ballinger,  1975), 
ch.  3. 


^It  is  worth  noting  that  current  tax  regulations  by  allcwing 
deduction  of  capital  costs  in  return  for  a  share  of  the  profit  reduces 
risk  be  lew  what  it  would  otherwise  be  and  my  therefore  increase  risk 
taking  activities.  See  Stiglitz,  p.  77. 

1(^R.  M.  Hyndman  and  M.  W.  Bucovetsky,  "Rents,  Rentiers,  and 
Royalties:  Government  Revenue  from  Canadian  Oil  and  Gas,"  in  The 
Energy  Question:  An  International  Failure  of  Policy,  vol.  2,  ed. 

Edward  W.  Erickson  and  Leonard  Waverman  (Toronto:  University  of 

Toronto  Press,  1974),  p.  199. 
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^The  example  is  due  to  Paul  Eavidson,  "The  Econcmics  of 
Natural  Resources,"  Challenge ,  March/April  1979,  p.  43.  Professor 
Eavidson  is  one  of  the  more  voluble  and  articulate  proponents  of  active 
policies  to  oppose  OPEC.  See  also  the  special  section  on  'The  Oil 
Price  Decontrol  Debate'  in  the  July/August  issue  of  Challenge. 

(Bib.,  White  Plains,  New  York). 

12 

Paul  Eavidson,  "What  is  the  Energy  Crisis?"  Challenge, 
July/ August  1979,  p.  41. 

L.  Powrie,  "Static  Redistributive  and  Welfare  Effects 
of  an  Export  Tax, "  in  Natural  Resource  Revenues:  A  Test  of  Federalism, 
ed.  Anthony  Scott  (Vancouver:  Ehiversity  of  British  Columbia  Press, 
1976).  G.  Campbell  Watkins,  "Canadian  Oil  and  Gas  Pricing,"  in  Oil  in 
the  Seventies,  ed.  G.  Campbell  Watkins  and  Michael  Walker,  (Vancouver: 
The  Fraser  Institute,  1977).  Leonard  Waverman,  "The  Two  Price  System 
in  Energy:  Subsidies  Forgotten,"  Canadian  Public  Policy,  Winter  1975. 

■'■^Taverman,  pp.  84-87. 

^powrie . 

■'■^Harold  Hotelling,  "The  Economics  of  Exhaustible 
Resources,"  The  Journal  of  Political  Economy,  April  1931,  p.  151. 
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APPENDIX  A 

THE  EATA  BASE,  SCREENING  PROCEDURE, 
AND  EXTRAPOLATION  PROCEDURE 


A.l  The  Data  Base  and  Screening  Procedure 

The  data  on  original  and  remaining  oil  in  place,  projected 
primary  and  secondary  recovery,  and  various  reservoir  characteristics 
are  based  on  the  ERCB  reserves  report  for  1975,  Alberta's  Reserves  of 
Crude  Oil,  Gas,  Natural  Gas  Liquids,  and  Sulphur  at  December  31,  1975. 
The  data  on  sandstone  reservoirs  were  passed  through  a  technical 
screening  procedure  developed  by  the  Petroleum  Recovery  Institute 
(Calgary),  and  described  in  Interim  Report  IR-6,  "Enhanced  Oil  Recovery 
Potential  in  Alberta  Sandstone  Reservoirs,"  May  1977.'*' 

The  technical  screen  utilized  critical  parameters  as  documented 
in  the  literature  to  eliminate  reservoirs  that  were  unsuitable  to 
enhanced  recovery  or  that  were  suitable  in  general  technical  terms  but 
did  not  meet  the  criteria  for  any  of  the  specific  processes  being 
investigated  (Exhibit  A.l).  The  successful  candidates  were  allocated 
to  those  processes  for  which  a  given  candidate  (reservoir)  met  the 
technical  requirements.  Thus  a  given  candidate  could  be,  and  often 
was,  allocated  to  more  than  one  process.  The  technical  screen  made  no 
attempt  to  determine  which,  if  any,  process  wuuld  be  preferable  in  any 
reservoir . 


EXHIBIT  A.l 

ENHANCED  RECOVERY  PROCESSES  INCORPORATED  IN  THE 
PETROLELM  RECOVERY  INSTITUTE’S  TECHNICAL  SCREEN 

Polymer 

Mobility  control 
Diverting  and  blocking 
Microemulsion  Flooding 
Alkaline 

Wettability  reversal 
Emulsification  and  entrapment 
Carbon  Dioxide  (CO2)  Miscible 
Carbon  Dioxide  (CO2)  Immiscible 
Thermal 

Combustion 
Steam  stimulation 
Steam  displacement 


SOURCE:  B.  Agbi,  "Enhanced  Oil  Recovery  Potential  in  Alberta  Sand¬ 
stone  Reservoirs"  (Calgary,  Petroleum  Recovery  Institute,  May  1977). 
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A  similar  screening  procedure  was  carried  out  for  carbonate 
reservoirs.  The  procedure  in  this  case  checked  only  whether  each 
reservoir  would  be  technically  amenable  to  carbon  dioxide  miscible  or 
immiscible  processes.  Carbonate  reservoirs  are  much  less  permeable 
than  sandstone  reservoirs  and  it  was  felt  that  only  miscible  or 
immiscible  gas  processes  would  be  successful.^  Hydrocarbon  processes 
were  neglected  because  at  the  time  the  screen  was  developed  the 
availability  and  price  of  hydrocarbon  injection  materials  seemed  to 
preclude  them  from  consideration. 


At  the  screening  stage,  data  limitations  related  primarily  to 
reservoir  parameters  required  for  the  screening  procedure  but  not 
available  from  the  ERCB  data.  The  treatment  of  missing  data,  as 
described  in  Interim  Report  IR-6  was  primarily  to  estimate  them  using 
published  correlations  with  other  reservoir  parameters.  In  sane  cases 
missing  data  was  simply  set  to  the  screening  tolerance  in  order  to 
allcw  the  reservoir  to  pass  through  the  check. 

Supplementary  data  were  required  to  run  the  models  developed 
here.  The  determination  of  residual  oil  saturation  after  waterflood  is 
discussed  in  Section  4.3.  These  data  were  manually  incorporated  into 
the  data  base.  Similarly,  the  models  sometimes  required  data  on 
reservoir  pressure  and  viscosity,  which  were  not  always  available  from 
the  ERCB  data  base.  In  these  cases  correlations  with  other  relevant 
characteristics  were  carried  out  by  PRI  and  manually  inserted. 

Additional  adjustments  to  the  general  data  base  were  required 
before  it  could  be  used  for  this  study.  The  polymer  model  developed 
here  is  suitable  for  simulating  the  polymer  mobility  control  process 
but  not  the  diverting  and  blocking  process.  We  were  unable  to  develop 
a  satisfactory  model  for  diverting  and  blocking  and  so  eliminated  it 
from  consideration.  This  had  little  impact  on  the  aggregate  estimation 
of  potential  since  the  candidates  eligible  for  diverting  and  blocking 
polymer  treatment  were,  in  most  cases,  also  eligible  for  one  or  more 
other  processes  and  were  thus  included  eventually  anyway. 

The  two  categories  of  alkaline  flooding  were  combined  and 
evaluated  by  our  alkaline  model.  Similarly,  carbon  dioxide  miscible 
and  immiscible  processes  were  combined  and  evaluated  by  the  CO2 
miscible  model  presented  in  Chapter  4.  In  addition,  we  incorporated  a 
hydrocarbon  miscible  model  which  was  applied  to  the  same  set  of  reser¬ 
voirs  as  the  carbon  dioxide  model.  In  each  case  economic  considera¬ 
tions  ultimately  decided  which  of  the  two  miscible  gas  processes  would 
be  used.  The  set  of  models  that  were  used  in  this  study  are  presented 
in  Exhibit  A.  2. 
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EXHIBIT  A.  2 

ENHANCED  RECOVERY  PROCESSES  INCORPORATED  IN  THE 
EVALUATION  OF  EOR  POTENTIAL 


Chemical 

Polymer  (omits  diverting  and  blocking  potential) 

Micr oemul s ion 

Alkaline  (carbines  wettability  reversal  and 

emulsification  and  entrapment  potential) 


Miscible  Gas 

Carbon  dioxide  (CO2) 
miscible 

Hydrocarbon  miscible 


(combines  miscible  and  immiscible  potential) 
(based  on  reservoirs  eligible  for  CO2) 


Thermal 

In  situ  (wet)  combustion 
Steam  drive  (displacement) 
(Cyclical)  Steam  stimulation 


A. 2  Tertiary  Recovery  Potential  in  Canada -- 
The  Extrapolation  Procedure 

The  extrapolation  procedure  is  conceptually  straightforward  but 
somewhat  complex  in  its  details.  It  is  most  easily  understood  with 
reference  to  Exhibit  A.  3,  which  outlines  the  calculation  for  Saskat¬ 
chewan.  The  amounts  reported  in  Exhibit  A.  3  were  derived  from  various 
published  sources  described  belcw: 

1)  Original  oil  in  place  (OOIP)  was  categorized  according  to  oil 
type  (heavy  or  light -medium)  and  reservoir  type  (carbonate  or 
sandstone) . 

2)  These  amounts  were  reduced  by  projected  ultimate  recovery  by 

primary  and  secondary  methods  to  obtain  ultimate  remaining  oil 

in  place  (ROIP).  The  heavy  oils  were  reduced  by  7  percent  and 

the  light -medium  by  29  percent;  amounts  implied  by  the  1977 
ERCB  reserves  report.  This  left  the  estimate  of  ultimate 
remaining  oil  in  place. 

3)  The  next  step  was  to  determine  the  'technical'  target.  In 

Alberta,  the  technical  target  was  the  oil  that  successfully 
passed  the  screening  procedure.  This  was  68  percent  of  the 
ultimate  remaining  oil  in  place  so  this  percentage  was  used  to 
establish  the  technical  target  in  other  areas  of  the  country. 

4)  The  technical  target  was  then  classified  by  the  enhanced 

recovery  process  group  (thermal,  chemical  or  miscible)  likely 
to  apply.  In  the  case  of  heavy  oils  the  applicable  group  was 
thermal.  For  the  light -medium  oils  in  carbonate  reservoirs  the 
applicable  group  (in  this  study)  is  miscible  gas.  For  the 
light -madium  group  contained  in  sandstone  reservoirs  chemical 
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Total  economically  recoverable  oil  for  Saskatchewan:  1,405,608  Mstb. 
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processes  account  for  10  percent  and  miscible  processes  for  90 
percent  of  the  dcminant  (economically  preferable)  oil  recovery 
methods.  These  were  the  actual  percentages  from  the  Alberta 
simulation. 

5 )  At  this  stage  we  assumed  that  the  same  percentage  of  the 
technical  target  that  was  recovered  in  the  simulated  Alberta 
case  would  be  recovered  in  all  other  areas.  The  average 
recovery  factors  by  process  group  that  emerged  from  the  Alberta 
simulations  are  as  follows: 


Thermal  0.388 
Chemical  0.176 
Miscible  (sandstone)  0.154 
Miscible  (carbonate)  0.199 


These  factors  were  applied  to  the  technical  target  for  each 
process  group  to  determine  the  amount  of  oil  that  was  'techni¬ 
cally  recoverable' . 

6)  The  procedure  to  this  point  provided  us  with  an  estimate  of 
'technically  recoverable'  oil  for  each  process  group.  The 
final  step  was  to  reduce  this  amount  to  the  '  economically 
recoverable'  amount  under  our  assumptions  of  a  $20  per  barrel 
oil  price  and  an  8  percent  (real)  discount  rate.  To  do  this 
the  ratio  of  oil  recoverable  from  profitable  pools  (under 
current  tax  and  royalty  regulations)  to  the  technically 
possible  recovery  in  each  process  group  was  established  (Table 

A.l).  These  'profitable  pool  factors'  were  then  applied  to  the 
'technically  recoverable'  oil  (from  step  5)  to  determine  our 
estimate  or  economic  enhanced  oil  recovery. 


TABLE  A.l 


PROFITABLE  POOL  FACTORS  BASED  ON  INCREMENTAL  RECOVERY 
AT  8  PERCENT  DISCOUNT  RATE  AND  PRICE  OF  $20 

(percent) 


Process 

Group 

Profitable 

Incremental 

Recovery 

DR=8%,  P=$20 
(MMbbl) 

Technically 

Possible 

Incremental 

Recovery 

(MMbbl) 

Profitable  Oil  as 
a  Percentage  of 
Technically 
Recoverable 

Chemical 

115.435 

238.284 

48.4 

Thermal 

406.743 

491.435 

82.8 

Miscible  Gas 
Sandstone 

1,050.465 

1, 198.406 

87.7 

Carbonate 

834.136 

1,187.504 

70.2 
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The  above  procedure  was  applied  to  Saskatchewan,  British 
Columbia  and  all  other  provinces  and  territories  combined.  The  latter 
group  included  Manitoba,  Ontario,  other  Eastern  Canada  and  the  terri¬ 
tories.  The  procedures  and  results  are  outlined  in  Exhibits  A.  3,  A.  4 
and  A. 5. 


To  determine  the  ultimate  tertiary  recovery  potential  in 
Canada,  the  estimates  of  001 P,  ultimate  ROIP,  technical  tertiary  target 
and  economically  recoverable  oil  were  summed  across  each  level  in 
Exhibits  A.  3,  A.  4  and  A.  5  and  added  to  the  Alberta  estimates.  This 
result  is  presented  in  Chapter  5 ,  Table  5 . 1  and  Figure  5.1. 

Data  Sources 

The  data  on  which  the  calculations  described  above  are  based 
are  presented  in  Table  A.  2  and  are  based  on  a  variety  of  sources  as 
identified  in  the  table. 


TABLE  A. 2 

CRUEE  OIL  RESERVES  IN  CANAEA 
ORIGINAL  IN  PLACE  AT  EECEMBER  31,  1976 


Proved 

(Mstb) 

%  of  Proved 
Total 

Territories 

500,000 

1.01 

British  Columbia 

1,213,818 

2.46 

Alberta 

36,144,386 

73.34 

Saskatchewan 

10,542,149 

21.39 

Manitoba 

670,634 

1.36 

Ontario 

193,1% 

0.39 

Other  Eastern  Canada 

18,000 

0.04 

Total  Canada 

49,282,183 

100. 00a 

SOURCE:  Canadian  Petroleum  Association,  Statistical  Handbook, 

1978,  Section  II,  Tables  17,  17A. 

The  Alberta,  Saskatchewan  and  British  Oolumbia  provincial  proved  totals 
are  from  Alberta  Energy  Resources  Conservation  Board,  Alberta 1 s 
Reserves  of  Crude  Oil,  Gas,  Natural  Gas  Liquids  and  Sulphur  (at 
December  31,  1976),  Report  77-18;  Saskatchewan  Government,  1976 
Petroleum  and  Natural  Gas  Reservoir  Annual,  1977;  British  Golumbia 
Government,  Hydrocarbon  and  By-Product  Reserves  in  British  Columbia 
(at  December  31,  1976) ,  1977. 


aMay  not  add  to  100  due  to  rounding. 
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Total  economically  recoverable  oil  for  British  Columbia:  88,288  Mstb. 
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The  Saskatchewan  Petroleum  and  Natural  Gas  Reservoir  Annual 
uses  six  categories  to  classify  crude  oil  according  to  its  API  gravity. 
Areas  I  and  II  Heavy  indicated  that  all  OOIP  contained  in  these 
categories  fell  in  the  less  than  25°  API  range.  Area  III  Medium 
contained  only  98.19  percent  OOIP  less  than  25°  API.  The  1.81  percent 
(39,196  Mstb)  of  OOIP  in  Area  III  Medium  that  did  have  API  gravity 
greater  than  25°  was  included  as  heavy  oil  in  this  study.  This  agrees 
with  the  National  Ehergy  Board  classification.  However,  the  NEB 
classifies  the  Midale -Weyburn  producing  horizon  of  Area  IV  Medium  as 
heavy  oil  even  though  the  API  gravity  of  the  oil  is  28°  API.  Por 
simplification  this  oil  was  considered  to  fall  in  the  light  crude  oil 
range  so  that  heavy  oil  comprised  Areas  I  and  II  Heavy  and  Area  III 
Medium  and  the  three  remaining  areas  are  considered  to  be  light  crude 
oil.  The  classification  of  Saskatchewan  oil  by  rock  type  and  by  oil 
type  is  presented  in  Table  A. 3. 


TABLE  A. 3 

ORIGINAL  OIL  IN  PLACE  IN  SASKATCHEWAN 
BY  RESERVOIR  ROCK  TYPE 


Original  Oil 

in  Place  by  Reservoir 

Rock  Type 

Provincial  Area 

(Mstb) 

Classification 

Sandstone 

Carbonate 

Total 

Area  I 

Heavy 

2,457,069 

0 

2,457,069 

Area  II 

Heavy 

515,415 

103 

515,518 

Area  II 

Light 

555,890 

0 

555,890 

Area  III 

Medium 

1,135,009 

1,030,498 

2,165,507 

Area  IV 

Medium 

19,436 

2,446,674 

2,466,110 

Area  IV 

Light 

20,219 

2,361,836 

2,382,055 

Total 

%  of  Provincial  Total 

4,  703,038 

44.6 

5,839,111 

55.4 

10,542,149 

100.0 

SOURCE:  Saskatchewan  Government,  1976  Petroleum  and  Natural  Gas 
Reservoir  Annual,  1977,  Table  C. 


303 


In  the  case  of  British  Columbia  and  the  'all  other'  category 
the  procedure  for  light -medium  was  used  since  no  heavy  oil  was  reported 
in  these  areas.  The  OOIP  division  between  sandstone  and  carbonate 
reservoirs  for  British  Coluribia  was  calculated  by  totaling  the  OOIP  in 
carbonate  pools  reported  in  the  Engineering  and  Geological  reference 
book,  Oil  and  Gas  Pools  in  British  Columbia.  This  amounted  to 
571,002.2  Mstb  of  OOIP  in  carbonate  pools  for  British  Golumbia.  To 
determine  the  OOIP  in  carbonate  reservoirs  for  the  all  other  provinces 
and  territories  category,  the  total  carbonate  OOIP  for  British 
Columbia,  Alberta  and  Saskatchewan  was  extrapolated  to  total  Canada 
since  these  provinces  account  for  97  percent  of  the  total  OOIP  for 
Canada.  Ihe  amount  of  Alberta  carbonate  OOIP  was  calculated  by  taking 
47  percent  of  the  total  Alberta  OOIP.  This  percentage  was  reported  in 
F.  McCaffery,  et  al,  "A  Treatise  on  Hydrocarbon  Recovery  from  Carbonate 
Reservoirs."  Ihe  ratio  of  OOIP  in  carbonate  reservoirs  for  British 
Colunbia,  Alberta,  and  Saskatchewan  to  total  OOIP  for  the  three 
provinces  was  then  applied  to  the  total  OOIP  in  all  other  provinces  and 
territories  to  determine  the  OOIP  in  carbonate  reservoirs  for  this 
category  (Table  A. 4).  This  resulted  in  a  percentage  of  48.8  percent 
OOIP  found  in  carbonate  reservoirs  in  Canada.  This  percentage  was 
applied  to  the  all  other  provinces  and  territories  category  to  divide 
the  OOIP  according  to  its  occurrence  in  sandstone  or  carbonate 
reservoirs . 


TABLE  A.  4 

ORIGINAL  OIL  IN  PLACE  IN  CANAEA  FOLND  IN 
CARBONATE  RESERVOIRS  AS  OF  DECEMBER  31,  1976 


Original  Oil 
in  Place 
(Mstb) 

OOIP 

in  Carbonate 
Reservoirs 
(Mstb) 

%  of  OOIP 
in  Carbonate 
Reservoirs 
(%) 

British  Cblumbia 

1,  213,818 

571,002 

47.0 

Alberta 

36,144,386 

16,987,861 

47.0 

Sa  skatchewan 

10, 542,149 

5,839,111 

55.4 

Total 

47,900,353 

23,  397,974 

48.8 

Total  Canada:  49,282 
Saskatchewan  account 

,183,  therefore  British  Columbia, 
for  97.2  percent  of  Canada's  OOIP. 

Alberta  and 

SOURCE:  1)  Table  A. 3 

2)  British  Golumbia  Government,  Engineering  and  Geological  Reference 
Book,  Oil  and  Gas  Pools  in  British  Columbia,  1977. 

3)  F.  G.  EfcCaffery,  et  al.,  "A  Treatise  on  Hydrocarbon  Recovery  from 
Carbonate  Reservoirs,"  1978. 
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A. 2.1  Calculation  of  Study 

Producibility  Forecast 

The  study  estimates  of  additions  to  the  producibility  forecast 
for  Chnada,  from  enhanced  oil  recovery,  were  calculated  using  the  base 
case  computer  simulation  and  the  National  Energy  Board  base  case 
producibility  scenario.  The  reserves  additions  owing  to  tertiary 
recovery  and  infill  drilling  were  subtracted  from  the  NEB  base  case 
before  adding  on  the  study  estimate  to  avoid  duplication  in  the 
tertiary  producibility  estimate. 

The  NEB  producibility  scenarios  are  tabulated  in  appendices  in 
the  September  1978  Board  report,  Canadian  Oil  Supply  and  Requirements. 
Daily  production  rates  per  year  are  given  for  the  period  1978-1995. 
The  production  rates  are  divided  between  light  and  heavy  crude  oil 
equivalent  and  are  further  disaggregated  to  show  the  future  production 
increment  from  reserves  additions.  Reserves  additions  include 
conventional  recovery  from  undeveloped  pools,  new  discoveries,  infill 
drilling,  waterflooding,  and  additions  from  improved  recovery.  The 
percentage  of  additions  that  are  due  to  improved  recovery  and  infill 
drilling  were  calculated  from  Tables  2-5  and  2-8  in  the  NEB  report 
(Table  A.  5).  These  percentages  were  then  applied  to  the  reserves 
additions  columns  recorded  by  the  NEB  to  obtain  the  reserves  additions 
amounts  f ran  improved  recovery .  This  was  then  subtracted  f ran  the 
total  crude  oil  and  equivalent  to  give  a  base  case  producibility 
estimate  excluding  tertiary  and  infill  drilling.  This  procedure  is 
presented  explicitly  in  Thble  A.  6.  The  result  was  a  column  of 
projected  production  figures  which  is  the  NEB  base  case  with  their 
estimate  of  tertiary  production  and  infill  drilling  production  removed. 
We  wanted  these  figures  in  order  to  develop  our  cwn  Canadian 
producibility  forecast  by  adding  our  estimate  of  tertiary  production  to 
the  NEB  estimate  of  production  from  all  sources  except  tertiary 
production  and  infill  drilling. 

The  study  producibility  forecast  was  calculated  using  our 
Alberta  base  case  yearly  production  forecast.  The  percentages  of  total 
production  that  occur  in  each  year  were  calculated.  These  year  by  year 
percentages  were  then  applied  to  the  extrapolated  value  of  4.0  billion 
barrels  of  incremental  recovery  for  Canada.  The  result  of  this  for  the 
28  year  period  was  then  converted  to  thousands  of  barrels  per  day.  The 
daily  production  figures  were  then  added  to  the  NEB  base  case  forecast 
starting  in  1980  (after  subtracting  their  estimate  of  tertiary  and  in¬ 
fill  drilling)  .  The  NEB  base  case  estimate  was  extrapolated  to  remain 
at  1,121  Mb/d  after  1985.  This  procedure  is  detailed  in  Table  A.  7. 

The  study  estimate  in  conjunction  with  the  NEB  base  case  esti¬ 
mate  graphically  portrayed  is  a  curve  with  a  production  peak  of  2, 178 
Mb/d  occurring  in  1991.  This  curve  is  presented  in  Chapter  5,  Figure 

5.2. 


■»  . 
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TABLE  A.  5 

NEB  ESTIMATE  OF  POTENTIAL  FOR  RECOVERABLE  RESERVES 
ADDITIONS  FROM  IMPROVED  RECOVERY 
BASE  CASE 

(millions  of  barrels) 


Light  Crude  Oil 

Heavy  Crude  Oil 

Tertiary  Recovery: 

Chemical  Flooding 

310 

25 

Miscible  Flooding 

370 

110 

Thermal  Techniques 

30 

1,445 

Infill  Drilling 

130 

35 

Total  Tertiary  & 

Infill  Drilling 

840 

1,615 

Waterflooding 

140 

135 

Undeveloped  Pools 

— 

420 

New  Discoveries 

— 

400 

Total  Reserves  Additions 

980 

2,570 

Calculation  of  %  of  Reserves 
Additions  that  include 
Tertiary  Recovery  and 

Infill  Drilling: 

-  85.4% 

i'ri5  ~  62.8% 

980 

2,570 

SOURCE:  National  Energy  Board,  Canadian  Oil  Supply  and 
Requirements ,  September  1978,  Tables  2-5,  2-8  and  2-9. 


POTENTIAL  PROOUC  IB IL ITY  OF  CRUDE  OIL: 
NEB  BASE  CASE  ESTIMATE  EXCLUDING  TERTIARY 
(rt>/d) 
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TABLE  A. 7 

STUDY  PRODUC I B I L I T T  FORECAST 


Year 

Alberta 

Canada 

NEB  Base  Case 
minus  Tertiary  & 
Infill  Drilling 
(Fb/d) 

(2) 

-  Canada 

forecast 

(Mb/d) 

(1)  ♦  (2) 

(MFb/yr) 

(t) 

(MMb/yr) 

(Fb/d) 

(1) 

1980 

2.32 

0.096 

3.86 

11 

1,640 

1,651 

1981 

6.63 

0.275 

11.03 

30 

1,502 

1,532 

1982 

18.40 

0.765 

30.58 

84 

1,376 

1,460 

1983 

36.30 

1.508 

60.34 

165 

1,270 

1.435 

1984 

62.94 

2.615 

104.61 

287 

1,170 

1.457 

1985 

95.34 

3.961 

158.45 

434 

1,112 

1,546 

1986 

134.31 

5.581 

223.23 

612 

1.048 

1,660 

1987 

167.32 

6.952 

278.09 

762 

1,035 

1,797 

1988 

196.34 

8.158 

326.32 

894 

1,089 

1,983 

1989 

220.50 

9.162 

366.46 

1,004 

1,095 

2,099 

1990 

235.80 

9.797 

391.89 

1.074 

1,090 

2,164 

1991 

239.60 

9.955 

398.21 

1,091 

1,087 

2,178 

1992 

226.16 

9.397 

375.87 

1,030 

1,090 

2,120 

1993 

204.87 

8.512 

340.49 

931 

1,107 

2,038 

1994 

174.69 

7.258 

290.33 

795 

1,112 

1,907 

1995a 

138.12 

5.739 

229.56 

629 

1,121 

1,750 

1996 

97.79 

4.063 

162.52 

445 

1,121 

1,566 

1997 

67.45 

2.802 

112.09 

307 

1,121 

1,428 

1998 

42.39 

1.761 

70.45 

193 

1,121 

1,314 

1999 

22.37 

0.930 

37.18 

102 

1,121 

1,223 

2000 

9.86 

0.410 

16.39 

45 

1,121 

1,166 

2001 

3.32 

0.138 

5.52 

15 

1,121 

1,136 

2002 

1.87 

0.078 

3.11 

9 

1,121 

1,130 

2003 

0.98 

0.041 

1.63 

4 

1,121 

1,125 

2004 

0.58 

0.024 

0.94 

3 

1,121 

1,124 

2005 

0.32 

0.013 

0.52 

1 

1,121 

1,122 

2006 

0.15 

0.006 

0.26 

1 

1,121 

1,121 

2007 

0.06 

0.002 

0.09 

1 

1,121 

1,121 

a  NEB  base  case  extrapolated  beyond  1995  to  remain  at  1,121  Fb/d. 
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■'■Our  screening  results  are  not  identical  to  those  presented 
in  PRI ' s  Interim  Report  primarily  because  their  initial  screening 
procedure  eliminated  reservoirs  in  the  alkaline  group  When  CO2  or 
H2S  was  found  to  be  present.  This  constraint  was  eliminated  at  the 
time  the  screen  was  used  for  the  present  study. 

2 

B.  Agbi,  Enhanced  Oil  Recovery  Potential  in  Alberta  Conven¬ 
tional  Crude  Oil  Reservoirs:  A  Technological  and  Econcmic  Evaluation 
(Calgary:  Petroleum  Recovery  Institute),  Forthcoming . 

3 

Other  processes  will  in  practice  be  considered  for  sane 
carbonate  reservoirs  but  the  most  promising  approach  appears  to  be 
miscible  gas. 

^This  estimate  is  based  on  ERCB  Report  78-18,  Table  2.6, 
p.  2.71.  The  light-medium  recoverable  reserves  by  primary  and  water - 
flood  methods  are  9,450  million  bbls.  This  is  29  percent  of  total  ini¬ 
tial  in-place  reserves  of  32,333  million  stbs,  The  heavy  oil  primary 
recoverable  reserves  of  306  million  bbls  represent  6.6  percent  of  ini¬ 
tial  in-place  reserves  of  4,569  million  bbls. 

5  .... 

Infill  drilling,  the  process  of  drilling  additional  wells  m 

a  producing  field  in  order  to  increase  production,  was  excluded  since 
it  was  assumed  that  our  tertiary  recovery  estimate  wculd  replace  this 
rather  than  augment  it. 
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APPENDIX  B 


COST  ESTIMATES 

All  costs  reported  in  Appendix  B  are  in  1978  dollars.  With  a 
few  exceptions,  all  cost  data  were  developed  from  various  sources  in 
the  literature  and  revised  and  updated  in  consultation  with  repre¬ 
sentatives  of  industry.  Industry  cooperation  was  predicated  on 
confidentiality  of  individual  sources  which  precludes  detailed  source 
doc  orientation  for  most  of  the  cost  tables  presented  here. 

B.l  Capital  Costs 

Capital  costs  in  the  oil  industry  are  generally  divided  into 
twc  major  categories,  exploration  and  development.  Only  the  latter 
category  is  of  interest  in  this  study  and  it  normally  includes: 

a)  drilling  and  completion  costs 

b)  injection  and  production  equipment  including  flew  lines, 

separators,  tanks  and  lease  equipment 

c)  steam  generators,  air  compressors  and  environmental  control 

equipment  (where  required) 

d)  lease  and  road  construction  costs 

e)  processing  plant  costs. 

We  have  assumed  that  d)  and  e)  are  sunk  costs  for  an  EOR 
project  and  have  developed  estimates  for  a),  b)  ,  and  c)  only.  The 
estimates  for  item  b)  are  estimates  of  incremental  costs  of  the  items 
required  for  tertiary  recovery.  They  are  presented  in  Table  B.l. 

Environmental  aspects  of  enhanced  oil  recovery  are  discussed  in 
Section  6.3.5.  The  private  costs  necessary  to  prevent  environmental 
damage  do  not  appear  significant  except  in  the  case  of  the  thermal 
processes.  The  costs  of  pollution  abatement  are  included  with  the 
estimates  for  steam  generators,  air  compressors  and  associated 
equipment  discussed  in  Section  B.3. 

B.1.1  Well  Drilling  and  Gorrpletion 

Drilling  and  completion  cost  estimates  are  based  on  relation¬ 
ships  developed  by  ERCB.  The  data  from  which  these  relationships  were 
derived  were  the  statutory  declarations  of  operators  that  are  filed 


INJECTION  AND  PRODUCTION  WELL  EQUIPMENT  COSTS 
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monthly  with  various  departments  of  the  provincial  government.  ERCB 
analyzed  these  data  and  were  able  to  fit  curves  to  them  for  three  areas 
of  the  province,  identified  in  Figure  1.2.  Costs  vary  by  area  and  by 
depth  as  shewn  in  Table  B.2. 


TABLE  B. 2 

WELL  DRILLING  AND  COMPLETION  COSTS 
$/ foot 


Depth 

Plains 

Northern/ Central 

Foothills 

1000 

40 

100 

100 

1-2 

45 

83 

103 

2-3 

46 

70 

106 

3-4 

46 

67 

109 

4-5 

45 

66 

113 

5-6 

50 

70 

116 

6-7 

53 

77 

126 

7-8 

56 

88 

139 

8-9 

60 

98 

154 

9-10 

66 

112 

178 

10  -  11 

72 

133 

202 

11  -  12 

80 

152 

233 

12  -  13 

88 

178 

271 

13  -  14 

98 

205 

324 

14  -  15 

111 

244 

389 

15  -  16 

127 

297 

410 

16  -  17 

143 

359 

420 

17+ 

150 

393 

430 

SOURCE:  Estimated  from  graphs  and  data  provided  by  the  Alberta 
Energy  Resources  Conservation  Board. 


Table  B.  2  is  based  on  the  curves  provided  by  ERCB  with  seme 
extrapolation  at  end  points.  The  ERCB  curves  related  exploratory 
drilling  costs  to  depth  in  the  plains,  northern  and  central,  and 
foothills  areas  of  the  province.  Exploration  and  development  drilling 
are  similar  activities  especially  when  they  are  considered  net  of 
carpi etion  costs,  the  costs  required  to  carplete  a  well  in  preparation 
for  production.  Nonetheless  there  might  be  an  intuitive  presumption 
that  exploratory  drilling  is  more  expensive  and  using  it  as  a  proxy  for 
development  drilling  vould  bias  the  results  in  an  upward  direction. 
While  this  may  be  true,  we  felt  that  since  we  were  basing  our  estimates 
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on  1974,  1975  and  1976  data  we  might  be  wise  to  err  on  the  conservative 
side.  In  any  case  the  ultimate  costs  were  widely  accepted  within 
industry  as  being  representative  of  realized  development  drilling  and 
ccnpletion  costs  in  1978.  Since  we  required  total  costs  of  well 
development  (i.e.,  including  well  completion  costs)  some  adjustments  to 
the  ERCB  relationships  were  required.  For  enhanced  recovery  well 
development  it  was  felt  that  ccnpletion  costs  net  of  major  road 
construction  costs  should  be  added  to  the  drilling  costs.  Fortunately 
we  had  same  basis  for  estimating  this  cost  element. 

Operators  reported  well  development  costs  in  detail  and  ERCB 
extracted  all  cost  elements  not  directly  related  to  drilling  and 
classified  them  as  completion  costs.  These  were  deducted  from  total 
costs  to  get  drilling  costs  from  which  their  curves  were  derived.  We 
were  allowed  limited  access  to  the  data  to  allow  us  to  estimate  the 
required  adjustment  for  our  purposes.  Examination  of  the  data  revealed 
that  road  costs  accounted  for  approximately  10  percent  of  completion 
costs  in  the  northern  central  and  foothills  regions  but  were  negligible 
in  the  plains  regions.  These  road  costs  would  not  be  applicable  to 
enhanced  recovery  schemes  since  in  most  cases  roads  would  already  be  in 
place.  It  was  decided  to  use  the  simple  average  of  completion  costs 
net  of  road  costs  in  various  depth  categories  to  adjust  the  drilling 
costs  upward  for  use  in  our  model.  The  adjustment  factors  are  given  in 
Table  B.14. 

The  initial  cost  data  were  reported  monthly  from  1974  to  1976 
and  ERCB  escalated  the  drilling  costs  at  a  rate  of  26  percent  per  year 
to  December  1977.  We  escalated  them  at  the  same  rate  to  1978.  To 
summarize,  we  took  drilling  costs  by  area  and  depth  from  graphs 
provided  by  ERCB,  added  a  calculated  amount  for  completion  costs  by 
depth  category  and  divided  the  result  by  depth  to  get  a  cost  per  foot 
for  use  in  the  various  production  models.  The  detailed  calculation  by 
region  is  discussed  in  Section  B.4.  The  resulting  cost  matrix  incorpo¬ 
rated  in  the  model  is  given  in  Table  B. 2. 

Limitations  of  the  analysis 

Drilling  and  ccnpletion  costs  exhibit  great  variation  even 
within  the  areas  judged  by  ERCB  to  be  'similar'  .  Although  the  original 
data  on  which  this  analysis  is  based  are  thought  to  be  quite  reliable, 
the  resulting  cost  estimates  could  vary  considerably  in  individual 
situations.  The  foothills  relation  is  quite  questionable  since  it  is 
based  on  only  seven  observations.  In  fact,  this  is  the  only  case  in 
which  we  accepted  and  incorporated  industry  objections.  The  calculated 
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costs  at  the  15,000  foot  plus  depth  were  viewed  as  too  high  and  we 
accepted  the  average  of  the  suggested  costs,  around  $400  per  foot.  The 
plains  and  northern/ central  relations  are  somewhat  more  reliable  being 
based  on  100  and  309  observations  respectively.  In  spite  of  some  minor 
disagreement  from  various  companies  regarding  costs  at  various  depths, 
we  stayed  with  our  own  estimates  since  the  number  of  observations 
included  makes  thorn  more  reliable  than  individual  company  figures. 
Nonetheless,  our  procedure  for  incorporating  completion  costs  is  not 
precise  and  the  escalation  factor  of  26  percent  per  year,  suggested  by 
the  Canadian  Petroleum  Association,  may  be  in  error. 

B.2  General  Operating  Costs 

Operating  costs  are  estimated  per  well  (including  existing 
equipment)  in  Table  B.3.  They  include  costs  of  labour,  materials, 
maintenance,  fuel,  transportation,  land  rentals,  and  professional 
services.  Workovers  are  normally  considered  an  operating  cost  but  are 
here  included  separately  due  to  the  extensive  wcrkovers  and  conversions 
expected  in  enhanced  recovery  operations  (Tables  B.4  and  B.5).  Thble 
B.6  presents  estimates  of  the  percentage  of  wells  that  would  require 
workover  and  conversion.  Overhead  and  administration  costs  are  also 
normally  included  as  operating  costs  but  are  estimated  separately  here 
as  discussed  below. 
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TABLE  B.4 

WORKOVER  AND  CONVERSION  COSTS 
PRODUCER  TO  PRODUCER 
$/well 


Area 

Depth 

Period  of  Installation 

Pre  1950  1950-1964  1965-1978 

Plains 

0-2,500 

19,800 

15,000 

11,300 

2,500-5,000 

33,900 

26,200 

20,300 

5,000-7,500 

70,500 

55,800 

41,100 

7,500  -10,000 

110,000 

95,000 

82,000 

10,000+ 

200,000 

175,000 

145,000 

Northern/ Central 

0-2,500 

42,800 

33,200 

23,600 

2,500-5,000 

77,400 

65,800 

46,400 

5,000  -7,500 

110, 100 

86,200 

61,100 

7,500-10,000 

120, 100 

96,200 

92,100 

10,000+ 

205,000 

180,000 

150,000 

Foothills 

0-2,500 

42, 800 

33,200 

23,600 

2,500-5,000 

77,400 

65,800 

46,400 

5,000-7,500 

110,100 

86,200 

61,100 

7,500-10,000 

120, 100 

96,200 

72, 100 

10,000+ 

205,000 

180,000 

150,000 

SOURCE:  1)  Lewin  and  Associates ,  The  Potential  and  Econanics  of 
Enhanced  Oil  Recovery,  prepared  for  Federal  Energy  Administration, 
April,  1976. 

2)  National  Petroleun  Gouncil,  Enhanced  Oil  Recovery,  December,  1976. 

3)  Oil  industry  representatives,  confidential  revisions  and  updates. 
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TABLE  B. 5 

WORKOVER  AND  CONVERSION  COSTS 
PRODUCER  TO  INJECTOR 
(?) 


Area 

Depth 

Period  of  Installation 

Pre  1950  1950-1964  1965-1978 

Plains 

0-2,500 

15,000 

12,500 

10,000 

2,500-5,000 

23,600 

19,800 

16,000 

5,000-7,500 

49, 900 

42,900 

35,800 

7,500-10,000 

70, 100 

82,100 

76,000 

10,000+ 

195,000 

173,000 

148, 000 

Northern/ Central 

0-2,500 

31,500 

26, 200 

21,000 

2,500-5,000 

59,400 

70,000 

39,900 

5,000-7,500 

75,000 

84,000 

52,400 

7,500  -10,000 

91,500 

100,000 

68,400 

10,000+ 

210,100 

192,000 

160,000 

Foothills 

0-2,500 

31,500 

26,200 

21,000 

2,500-5,000 

59,400 

70,000 

39,900 

5,000-7,500 

75,100 

84,000 

52,400 

7,500-10,000 

91,500 

100,000 

68,400 

10,000+ 

210,100 

190,000 

160,000 

SOURCE:  1)  Lewin  and  Associates,  The  Potential  and  Economics  of 

Enhanced  Oil  Recovery,  prepared  for  Federal  Energy  Administration, 
April,  1976. 

2)  National  Petroleum  Council,  Enhanced  Oil  Recovery,  December,  1976. 

3)  Oil  industry  representatives,  confidential  revisions  and  updates. 
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TABLE  B. 6 

PROPORTION  OF  WELLS  REQUIRING  CONVERSION 


Period  of  Installation 

%  of  Wells 

Requiring  Workover 

Pre  1950 

100 

1950-1964 

50 

1965-1977 

25 

Post  1977 

0 

SOURCE:  National  Petroleum  Gouncil,  Enhanced  Oil  Recovery, 
December  1976,  p.  85. 


Overhead  and  administration 

These  costs  are  not  reported  separately  in  the  models,  but  are 
calculated  at  20  percent  of  operating  costs  and  4  percent  of  capital 
costs  and  included  as  part  of  total  costs .  These  amounts  were 
suggested  in  the  Lewin  and  Associates  study,  The  Potential  and 
Economics  of  Enhanced  Oil  Recovery,  p.  v.ll.  The  4  percent  levy  on 
total  capital  costs  as  defined  in  this  study  is  quite  high  but  it 
includes  a  risk  premium  of  approximately  2  percent  as  discussed  in 
Section  4.6.3. 

Injection  materials  costs 

A  number  of  cost  estimates  for  various  chemicals  used  in  the 
polymer,  alkaline,  and  micellar  flood  were  obtained.  The  costs  used  in 
the  models  are  discussed  in  Section  B.3. 

B.3  Capital,  Operating  and  Materials 
Costs  Specific  to  Each  Process 

B.3.1  Steam  Drive  and  Steam  Stimulation 

Specific  costs  associated  with  these  processes  are  steam 
generators  and  pollution  abatement  equipment.  The  capital  cost  of  the 
generator  is  based  on  a  50,000  lb/hr  unit  capable  of  generating  1.25 
million  barrels  of  steam  a  year.  The  assumed  fuel  is  lease  crude 
priced  at  the  assumed  oil  price  with  the  amount  required  derived  from 
the  Btu  requirements  to  generate  one  barrel  of  steam.  This  varies  by 
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temperature  and  pressure  but,  assuming  an  average  of  520,000  Btus 
required  per  barrel  of  steam  and  applying  the  thermal  content  of  a 
barrel  of  20°  API  crude  oil  of  6.24  million  Btus,  we  require  0.083 
barrels  of  oil  per  barrel  of  steam. ^  This  is  equivalent  to  one 
barrel  of  oil  per  12  barrels  of  steam.  Operating  costs  cover  mainte¬ 
nance,  chemicals  and  inlet  water  treating  at  approximately  $250,000  per 
year  ($0.20  per  barrel  of  steam  produced).  Pollution  control  equipment 
to  gather  and  incinerate  casinghead  gas  and  to  remove  the  steam  plane 
from  scrubbers  is  also  costed  in  Table  B.7.  Injection  and  production 
equipment  for  thermal  processes  must  be  heavily  insulated  for  safety 
and  to  conserve  heat.  Based  on  industry  advice,  we  cost  them  at  tv*o 
times  the  costs  of  standard  equipment  (from  Table  B. 1). 


TABLE  B. 7 

STEAM  DRIVE  AND  STEAM  STIMULATION 


Item  Go  st 


Generator  costs  (50,000  lb/hr  unit) 

Operating  costs  (excluding  fuel) 

Fuel  costs  (per  barrel  of  steam) 

Gathering  casinghead  gas 

Pollution  abatanent 
(steam  plume  removal) 

Injection  and  production  equipment 


$400,000 

$0.20/bbl  of  steam 
$0,088  x  (price/bbl  of  oil) 
$4,000  per  producing  well 

$50,000  per  generator 

all  elements  in  Table  B.l  are 
multiplied  by  twc  to  allow  for 
insulation  requirements 


SOURCE:  1)  Lewin  and  Associates,  The  Potential  and  Economics  of 

Enhanced  Oil  Recovery,  prepared  for  Federal  Energy  Administration, 
April,  1976. 

2)  National  Petroleun  Council,  Enhanced  Oil  Recovery,  December,  1976. 

3)  Oil  industry  representatives,  confidential  revisions  and  updates. 
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B.3.2  In -Situ  (Wet)  Combustion 

Mr  ccrnpressor  costs  are  based  on  a  325  bhp  unit  capable  of 
producing  one  million  standard  cubic  feet  per  day  (1  MMscfd)  of 
ccmpressed  air.  Operating  costs,  excluding  fuel,  range  from  $20,000 
to  $45,000  a  year  ($0.08/Mcf  of  air  ccmpressed)  .  Lease  crude  is  used 
as  fuel  and  the  requirements  are  determined  on  the  assumption  that  the 
unit  requires  10,000  Btu/hp/hr. 

Fuel  Requirement  Calculation 

1  325  hp  ccrnpressor  produced  1  MMscf/day  using  10,000 

Btus/hp/hr  =  78,000,000  Btus/day. 

1  barrel  of  20°  API  crude  oil  provides  6.24  million  Btus 

therefore  12  barrels  of  oil  are  required  per  day,  or  0.0125 

bbls/Mcf  of  air  ccmpressed. 

Injection  and  production  equipment  are  estimated  at  twice  the 
costs  of  non -thermal  processes  due  to  insulation  requir orients .  In 
addition  $15,000  per  pattern  is  allcwed  for  high  pressure  line. 
Produced  oil  requires  treating  at  $10  per  thousand  barrels  to  prepare 
it  for  further  processing. 

Pollution  abatement  equipment  required  to  scrub  the  vent  gas  to 
reduce  sulfur  emissions  is  costed  at  $9  per  Mscf/d  of  gas  handled 
(assumed  to  be  the  same  as  gas  injected).  This  includes  $3  per  Mscf/d 
for  cases  where  elimination  of  the  steam  plune  frcm  the  scrubbers  is 
necessary . 

A  treatment  allcwance  of  $0.03  per  Mscf/d  is  included,  to 
offset  the  effects  of  the  corrosive  produced  gases  on  the  gathering 
system.  These  costs  are  summarized  in  Table  B.8. 
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TABLE  B. 8 
IN  SITU  COMBUSTION 


Item 

Cbsts 

1  MMscfd  compressor  (325  bhp  @  $900 /hp) 

$292,500 

0.5  MMscfd  compressor  (160  bhp  @  $900/hp) 

$146, 250 

Operating  costs  (excluding  fuel) 

$0.08/Mcf 

Fuel  costs 

$0.0125  x  (price  of  oil) 
/Mcf 

High  pressure  air  injection  lines 

$15,000  per  pattern 

Gathering  &  incinerating  casinghead  gas 

$4,000  per  pattern 

Pollution  abatement  (reduce  sulfur 
emissions  &  eliminate  steam  pi  one) 

$9/Mscfd 

Corrosion  Treatment 

$0. 03/Mscf/yr 

Oil  treatment 

$0. 0l/bbl . 

Injection  and  production  equipment 

all  elements  in  Table  B.l 
are  multiplied  by  twa  to 
allcw  for  insulation 
requirements 

SOURCE:  1)  Lewin  and  Associates,  The 

Potential  and  Economics  of 

Enhanced  Oil  Recovery,  prepared  for  Federal  Energy  Administration, 
April,  1976. 

2)  National  Petroleun  Gouncil,  Enhanced  Oil  Recovery,  December,  1976. 

3)  Oil  industry  representatives,  confidential  revisions  and  updates. 


B.3.3  Polymer  Augmented  Waterflood 

2 

Polymer  costs  were  gathered  from  a  nunber  of  sources.  Costs 
ranged  from  $1.60  per  pound  to  $3.00  per  pound  delivered  in  Canada  with 
the  lower  prices  applying  to  polymers  produced  in  the  Alberta  area. 
The  average  prices  shewn  in  Table  B.9  assume  that  most  of  the  polymer 
would  be  imported  at  the  early  stages  of  polymer  development.  As  the 
scale  of  activity  increased,  however,  it  wauld  seem  likely  that 
production  would  move  into  Canada  reducing  transportation  costs  and 
eliminating  exchange  costs.  The  ccmposition  of  the  assumed  polymer 


322 


solution  is  50  percent  polyacrylamides  and  50  percent  polysaccharides 
at  a  concentration  of  250  PFM. 


TABLE  B.  9 

POLYMER  AUGMENTED  WATERFLOOD  COSTS 
(50%  polyacrylamides,  50%  polysaccharides) 


Oil  Price  Polymer  Cost  Polymer  Cost 

($/lb)  ($/bbl  @  250  PPM) 


15.00 

2.10 

0.18 

20.00 

2.31 

0.20 

25.00 

2.54 

0.22 

30.00 

2.80 

0.24 

40.00 

3.38 

0.30 

50.00 

4.09 

0.36 

Other  Costs:  Water  $0.05/bbl. 

SOURCE:  Calculated  based  on  assumed  price  of  $2.10/lb. 


Pricing  polyacrylamides  at  $1. 70/lb  and  polysaccharides  at 

$2. 50/lb  results  in  our  average  price  of  $2. 10/lb.  However,  it  is  felt 

that  very  large  scale  production  of  polysaccharides  wculd  reduce  their 

•  3 

costs  by  one  third  or  more. 

The  table  shows  dependence  of  polymer  costs  on  the  price  of  oil 
reflecting  the  energy  costs  element  in  the  production  process. 

B.3.4.  Alkaline  Flood 

Special  costs  due  to  the  need  to  acidize  injection  wells 
occasionally  (because  of  the  likelihood  of  injectivity  problems 
otherwise)  and  to  demulsify  the  produced  oil -water  emulsions  are 
incorporated,  as  shown  in  Table  B.10.  Ihe  alkaline  material  used  is 
assumed  to  be  sodium  hydroxide  at  a  concentration  of  15,000  PPM  and  is 
again  dependent  on  oil  price  due  to  energy  requirements  in  production. 
The  polymer  costs  are  the  same  as  Table  B.9. 
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TABLE  B. 10 
ALKALINE  FLOOD 

(Injected  materials  are  sodium  hydroxide,  polymer  and  water) 


Sodium  Hydroxide  (NaOH)  Costs 

Oil  Price 

NaOH  Cost 
($/lb) 

NaOH  Go st 

($/bbl  @  15,000  PPM) 

15.00 

0.13 

0.68 

20.00 

0.14 

0.74 

25.00 

0.16 

0.85 

30.00 

0.18 

0.95 

40.00 

0.20 

1.06 

50.00 

0.23 

1.20 

Calculated  on  assumed  price  of  $0. 13/lb. 


Polymer  Costs  (50%  polyacrylamides,  50%  polysaccharides) 


Oil  Price 

Polymer  Oost 
( $/ lb) 

Polymer  Gost 
($/bbl  @250  PPM) 

15.00 

2.10 

0.18 

20.00 

2.31 

0.20 

25.00 

2.54 

0.22 

30.00 

2.80 

0.24 

40.00 

3.38 

0.30 

50.00 

4.09 

0.36 

Other  Costs :  Water  $0 . 05/bbl . 

Acidizing  treatments  $1500/injection  well 

Demulsification  $0 . 10/bbl . 

SOURCE:  Polymer  costs,  Table  B.9.  Alkaline  costs  calculated  based 

on  assumed  price  of  $0. 13/lb.  Other  costs  from  confidential  industry 
estimates . 


• 
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B.3.5  Microemulsion  Flcod 

The  surfactant  slug  costs  are  based  on  a  ccrriposition  of 
sulfonate  (6.5  percent  by  weight),  alcohol  (1.0  percent  by  weight)  and 
oil  (10  percent  by  volume) .  All  costs  are  related  to  the  price  of  oil. 
The  polymer  costs  per  barrel  in  a  microemulsion  flood  are  higher  than 
in  other  processes  using  polymer  because  of  the  higher  concentration 
solution  required .  We  assume  a  600  PPM  solution  is  used  to  prevent 
fingering  into  the  surfactant  slug.  Alcohol  costs  are  based  on  a 
combination  of  isopropanal,  pentanol  and  hexanol.  Table  B.  11 
summarizes  these  costs  for  alternate  prices  of  oil. 

B.3.6  Carbon  Dioxide  Miscible  Flood 

Table  B.12  presents  costs  for  the  CO2  miscible  process. 
Since  we  recycle  produced  CO2  we  incorporate  separation  and 
compression  equipment  at  a  cost  of  $4,000  per  IWIcf  unit  required. 
Purchased  CO2  is  priced  to  include  distribution  at  pressure  (1,500 
psig)  and  extra  equipment  costs  are  based  on  the  required  high  pressure 
injection  equipment,  manifolds,  tubing  and  safety  equipment  at  $45,000 
per  injection  well.  Operating  costs  are  higher  in  CO2  floods  because 
of  the  need  to  treat  wells  for  corrosion  and  deposits.  This  cost  was 
estimated  at  $7,000  per  year  per  pattern.  We  also  allcw  $0.05  per  Mcf 
of  CO2  injected  for  sulfur  removal. 

The  actual  cost  of  CO2  delivered  to  the  field  is  assumed  to 
vary  according  to  which  of  our  areas  (Northern,  Plains  or  Foothills) 
the  field  is  located  in.  The  costs  are  based  loosely  on  a  recent  study 
of  CC>2  availability  from  various  sources  which  does  not  incorporate 
any  payment  to  the  'owner'  of  the  CO2  (i*e.,  in  seme  cases  producers 
who  produce  CO2  as  a  waste  byproduct)  This  may  or  may  not  be  a 
reasonable  assumption  depending,  perhaps,  on  the  attitude  taken  by  the 
government.  Since  the  'owners'  would  have  no  other  market,  they  could 
demand  payment  only  by  exercising  what  we  might  loosely  term 
'monopolistic  property  rights’  to  their  waste  effluent.  If  CO2 
recovery  was  viewed  to  be  potentially  significant,  but  only  if 
negligible  costs  for  the  CO2  were  guaranteed,  the  government  might 
well  ensure  these  negligible  costs. 


MICROEMULSION  FLOOD 
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SOURCE:  Calculated  based  on  the  price  per  lb  for  each  item  at  the  $15  oil  price. 


326 


TABLE  B. 12 

CARBON  DIOXIEE  MISCIBLE 


Item 

Costs 

Separation  and  compression  equipnent 

$4,000/MMcf  unit  required 

High  pressure  injection  equipnent 

$45, 000/injection  well 

Extra  operating  costs  (corrosion,  etc.) 

$  7 , 000/ producer/ year 

Sulfur  removal 

$0.05/Mcf  injected 

Purchased  CC>2 

Plains  (Area  1) 

$1.71/Mscf 

Northern  (Area  2) 

$1. 10/Mscf 

Foothills  (Area  3) 

$1.71/Mscf 

Recycled  CO2 

$0.40/Mscf 

SOURCE:  1)  Lewin  and  Associates,  The  Potential  and  Economics  of 
Enhanced  Oil  Recovery,  prepared  for  Federal  Energy  Administration, 
April,  1976. 

2)  National  Petroleum  Council,  Enhanced  Oil  Recovery,  December,  1976. 

3)  Oil  industry  representatives,  confidential  revisions  and  updates. 

4)  Saturn  Engineering,  "Estimate  of  Ocst  of  Recovery  of  CO2/" 
prepared  for  Alberta  Department  of  Energy  and  Natural  Resources , 
November,  1977. 

B.3.7  Hydrocarbon  Miscible 

The  hydrocarbon  miscible  process  is  assumed  to  operate  on  a 
basis  almost  technically  identical  to  that  of  the  CO2  miscible 
process.  Gost  differences,  shewn  in  Table  B.13,  appear  because  of  the 
manner  in  which  the  injection  material  is  treated.  Because  most 
reservoirs  involve  gas  production  at  the  primary  stage,  gas  plants  and 
distribution  lines  are  assumed  to  be  in  place  so  no  recompression  costs 
are  required  to  inject  the  hydrocarbon,  although  scane  addition  to  plant 
capacity  to  handle  increased  gas  production  may  be  required.  Extra 
capital  costs  for  high  pressure  injection  lines  are  included,  however, 
at  $15,000  per  pattern. 
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TABLE  B. 13 

HYDROCARBON  MISCIBLE 


Item 

Costs 

High  pressure  air  injection  lines 

$ 1 5 , 000/ pattern 

LEG 

crude  oil  price/bbl 

Methane 

oil  price 

$1.70/Mcf  x 

($15.00) 

SOURCE:  1)  Lewin  and  Associates,  The  Potential  and  Economics  of 

Enhanced  Oil  Recovery,  prepared  for  Federal  Energy  Administration, 
April,  1976. 

2)  National  Petroleum  Council,  Enhanced  Oil  Recovery,  December,  1976. 

3)  Oil  industry  representatives,  confidential  revisions  and  updates. 

NOTE:  The  expected  1979  price  of  natural  gas,  $1.70/Mcf,  maintains 
its  proportionality  to  the  price  of  oil  in  sensitivity  runs  by 
increasing  by  the  factor  shewn. 


The  LEG  injected  is  priced  at  the  current  crude  price  and  the 
methane  at  the  price  of  natural  gas.  We  assume  the  injected  LEG  is 
recovered  completely  and  the  methane  is  60  percent  recovered  in  two 
years.  The  present  value  of  the  recovered  hydrocarbons  discounted  at 
10  percent  is  deducted  from  the  materials  costs  in  years  two  through 
ten.  This  is  tantamount  to  assuming  they  are  reinjected  which  is 
simply  a  more  convenient  way  to  handle  them  than  to  add  them  to 
production  and  revenue.  The  procedure  also  facilitates  the  royalty 
calculation  which  requires  the  value  of  materials  net  of  the  present 
value  of  their  recovery  value  to  be  deducted  from  revenue  before 
calculation  of  the  royalty. 

B.4  The  Detailed  Analysis  of 

Drilling  and  Completion  Costs 

The  statutory  declarations  report  drilling  and  completion  costs 
by  well  location  and  month  for  1974,  1975  and  1976.  To  get  drilling 
costs  for  1977  ERCB  deducted  completion  costs  from  total  costs  and 
escalated  the  result  at  a  rate  of  26  percent  per  year  from  the  month  in 
which  the  well  was  drilled.  Completion  cost  estimates  were  derived 
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from  the  detailed  company  reports  but  these  reports  do  not  follow  a 
standard  format  and  the  allocation  of  seme  cost  elements  to  drilling 
versus  completion  involves  seme  judgment. 

The  reports  were  grouped  in  three  regions.  Northern/ Central, 
Plains,  and  Foothills,  following  a  preliminary  analysis  that  suggested 
reasonable  similarity  of  costs  within  these  regions.  To  use  these  data 
to  estimate  development  well  costs  for  evaluating  enhanced  recovery 
projects  we  needed  to  estimate  the  contribution  of  completion  costs  to 
the  total.  However,  in  areas  where  road  construction  costs  were 
significant  it  was  felt  that  inclusion  of  this  element  would  bias  the 
cost  estimate  unduly  upwards  since,  for  enhanced  recovery  projects,  it 
is  likely  that  a  minimum  amount  of  new  road  construction  will  be 
needed. 


The  best  approach  to  putting  the  available  data  in  usable  form 
would  have  been  to  deduct  seme  estimate  of  road  costs  from  the  reported 
carpi etion  costs  and  add  the  result  to  the  drilling  costs.  This  total 
cost  would  then  have  to  be  escalated  at  seme  appropriate  rate  by  month 
to  the  end  of  1978.  Then  regression  analysis  could  be  used  to  analyse 
the  resulting  development  costs.  However,  escalating  each  well  cost  to 
the  present  premised  to  be  a  time  consuming  operation  and  since  ERCB 
had  already  provided  graphs  of  drilling  costs  versus  depth  we  decided 
to  adjust  these  by  seme  estimate  of  completion  costs  net  of  road  costs. 

Access  to  the  detailed  reports  was  limited  since  they  are  quite 
sensitive  documents.  We  relied  on  visual  analysis  of  the  reports  and 
conversations  with  ERCB  and  industry  representatives  to  establish  our 
assumption  that  road  costs  represented  approximately  10  percent  of 
carpi etion  costs  in  the  Northern/ Central  and  Foothills  regions  and  ware 
a  negligible  element  in  the  Plains  region.  This  amount  was  deducted 
from  gross  completion  costs. 

Inspection  of  the  ERCB  summary  data  suggested  that  the  best 
approximation  of  completion  costs  we  could  devise  would  be  the  simple 
average  of  ccrrpl etion  costs  shown  in  the  data  over  depth  intervals. 
The  results  are  given  in  Table  B.14.  These  estimated  conpletion  costs 
were  then  added  to  the  drilling  costs  in  each  area  to  determine  total 
cost.  This  calculation  is  shown  for  individual  areas  in  Tables  B.15, 
B.16,  and  B.17.  The  calculated  costs  per  foot  are  incorporated  in  the 
model  as  set  out  in  Table  B.2. 
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TABLE  B.  14 

WELL  COMPLETION  COST  ESTIMATES 


Adjustment  Factor 

Depth 
(000  feet) 

Oorrpletion  Costs  Net 
of  Road  Costs 
($000) 

Northern/ Central 

1-3 

24 

3-5 

31 

5-7 

44 

7-10 

79 

10+ 

132 

Plains 

1-3 

15 

3-5 

28 

5+ 

40 

Foothills 

All  depths 

12%  of  drilling  costs 
(22%  minus  10%  for  road  costs) 

SOURCE:  Estimated  from  graphs  and  data  provided  by  the  Alberta 
Energy  Resources  Conservation  Board. 
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TABLE  B. 15 
PLAINS  (AREA  l) 


Depth 

Drilling  Gosts 
Dec.  1978s 
($000) 

Completion  Cost 
Adjustment 
Incorporated*3 
($000) 

Total  Cost 
( $/ foot) 

1,500 

50.4 

65.4 

44.9 

2,500 

98.3 

115.3 

46.1 

3,500 

132.3 

160.3 

45.8 

4,500 

176.4 

204.4 

45.4 

5,500 

233.1 

271.1 

49.6 

6,500 

302.4 

340.4 

52.7 

7,500 

378.0 

416.0 

55.5 

8,500 

472.5 

512.5 

60.3 

9,500 

585.9 

625.9 

65.9 

10, 500 

711.9 

751.9 

71.6 

11,500 

882.0 

922.0 

80.2 

12,500 

1058.4 

1098.4 

87.9 

13,500 

1285.2 

1325.2 

98.2 

14,500 

1575.0 

1615.0 

111.1 

15,500 

1927.8 

1967.8 

126.7 

16,500 

2318.4 

2358.4 

142.7 

SOURCE:  Estimated  from  graphs  and  data  provided  by  the  Alberta 
Energy  Resources  Conservation  Board. 

a December  1977  costs  taken  from  ERCB  graphs  and  escalated  at  a 
rate  of  26  percent  p>er  year  to  December  1978. 

^See  Table  B.14 
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TABLE  B. 16 
NORTHERN  (AREA  2) 


Depth 

Drilling  Costs 

Dec.  1978a 
($000) 

Completion  Cbst 
Adjustment 
Incorporated*3 
($000) 

Total  Cost 
($/ foot) 

1,500 

100.8 

124.8 

83.2 

2,500 

151.2 

175.2 

70.0 

3,500 

201.6 

232.6 

66.5 

4,  500 

264.6 

295.6 

65.7 

5,500 

340.3 

384.3 

69.8 

6,500 

453.6 

497.6 

76.6 

7,500 

579.7 

658.7 

87.8 

8,500 

756.1 

835.1 

98.2 

9,500 

982.9 

1061.9 

111.8 

10, 500 

1260.0 

1392.0 

132.6 

11,500 

1613.0 

1745.0 

151.7 

12,500 

2092.0 

2224.0 

177.9 

13,500 

2640.0 

2772.0 

205.3 

14,500 

3403.0 

3535.0 

243.8 

15,500 

4474.0 

4606.0 

297.2 

16, 500 

5797.0 

5929.0 

359.3 

SOURCE:  Estimated  from  graphs  and  data  provided  by  the  Alberta 
Energy  Resources  Conservation  Board. 

a December  1974  costs  taken  from  ERCB  graphs  and  escalated  at  a 
rate  of  26  percent  per  year  to  December  1978. 

^See  Table  B.14. 
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TABLE  B. 17 
FOOTHILLS  (AREA  3) 


Depth 

Drilling  Costs 

Dec.  1978s 
($000) 

Completion  Cost 
Adjustment 
Incorporated^ 
($000) 

Total  Cost 
( $/ foot) 

4,500 

453.6 

508.0 

112.9 

5,  500 

567.0 

635.0 

115.5 

6,500 

730.8 

818.5 

125.9 

7,500 

932.4 

1044.3 

139.2 

8,500 

1171.8 

1312.4 

154.4 

9,500 

1512.0 

1693.4 

178.3 

10,500 

1890.0 

2116.8 

201.6 

11,500 

2394.0 

2681 . 3 

233.2 

12,500 

3024.0 

3386.9 

271.0 

13,500 

3906.0 

4374.7 

324.1 

14, 500 

5040.0 

5644.8 

389.3 

15,500 

6300.0 

7056.0 

455.2 

16, 500 

8064.0 

9031.7 

547.4 

SOURCE:  Estimated  frcm  graphs  and  data  provided  by  the  Alberta 

Energy  Resources  Conservation  Board. 

aDecember  1977  costs  taken  frcm  ERCB  graphs  and  escalated  at  a 
rate  of  26  percent  per  year  to  December  1978. 

^See  Table  B.14. 
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Footnotes 


^Thermal 


servation  Board, 
tics,  (Calgary: 
77-28. 


content,  figures  frcm  Alberta  Energy  Resources  Gon- 
Alberta  Electric  Industry,  Cumulative  Annual  Statis- 

Alberta  Energy  Resources  Conservation  Board,  1976), 


The  primary  source  of  polymer  price  quotations  was  corres¬ 
pondence  from  a  number  of  chemical  companies  in  Chnada  and  the  United 
States  provided  by  the  Petroleum  Recovery  Institute. 

3 

Gulf  Universities,  Chemicals  for  Microemulsion  Flooding. 

4  n 
Saturn  Engineering,  "Estimate  of  Cost  of  Recovery  of  CO2/ 

(Edmonton:  Alberta  Department  of  Energy  and  Natural  Resources,  Novem¬ 
ber  1977). 
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APPENDIX  C 

INCORPORATING  TAX  AND  ROYAETY  CONSIDERATIONS 

We  attempt  to  calculate  income  taxes  and  royalties  on  a  project 
by  project  basis.  This  is  only  a  general  approximation  of  tax  lia¬ 
bility  since  the  tax  position  of  individual  companies  is  unique.  But 
the  attempt  is  justified  since,  from  the  company  vievpoint,  taxes  are 
relevant  costs  and  although  some  years  ago  many  companies  were  not 
taxable  because  of  accumulated  expenses  for  writeoffs,  today  almost  all 
companies  are  in  a  taxable  position.  The  company  decision  to  undertake 
a  project  will,  therefore,  depend  on  the  net  revenue  it  generates  after 
taxes  and  royalties.  Since  taxes  and  royalties  are  a  transfer  payment 
from  companies  to  government  rather  than  what  economists  call  a  'real' 
cost  of  development,  the  socially  desirable  set  of  projects,  providing 
maximized  net  value  added  at  given  prices,  is  independent  of  tax 
considerations.  In  other  words,  a  'perfect'  tax  system  (in  this 
context)  would  collect  society's  share  of  project  revenue  without 
affecting  the  viability  of  the  project  from  the  private  developer's 
viewpoint.  In  the  absence  of  such  a  system,  fewer  projects  will  appear 
financially  feasible  to  a  company  that  must  consider  the  tax  cost. 
Therefore,  evaluating  the  potential  for  enhanced  recovery  both  with  and 
without  tax  and  royalty  considerations  will  allcw  some  interesting 
comparisons  and  in  particular  will  yield  an  estimate  of  how  far  short 
of  optimal  the  actual  future  supply  of  oil  fron  EOR  projects  will  be, 
given  a  particular  tax  regime. 

The  tax  and  royalty  regulations  incorporated  in  the  model  are 
those  of  the  federal  government  and  the  province  of  Alberta.'1'  The 
regulations  incorporated  are  those  that  were  in  place  or  announced  in 
1978  when  the  models  were  being  developed  and  run.  Some  changes  have 
occurred  since  then.  Fbr  example,  the  investment  tax  credit  was  not 
included  since  it  was  scheduled  to  expire  on  July  1,  1980.  It  has  now 
been  extended  indefinitely  and  if  it  remains  in  effect  over  the 
evaluation  period  used  here,  it  means  that  our  tax  calculation  may 
overstate  tax  by  approximately  6  percent  of  qualifying  expenditures. 
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C. 1  Estimating  Royalties 

For  purposes  of  modelling  royalty  considerations  we  referred  to 
the  petroleum  royalty  regulations,  Alberta  Regulation  93/74,  dated 
April  1,  1974,  and  subsequent  amendments  to  February  1978.  Clarifi¬ 
cation  is  given  in  "Interim  Guidelines  for  the  Administration  of 
Section  4.2  of  the  Petroleum  Royalty  Regulations , "  issued  by  Alberta 
Energy  and  Natural  Resources,  effective  January  1,  1977. 

The  model  assumes  all  projects  will  come  under  crcwn  royalty 
regulations  rather  than  the  '  reserves  tax '  regulations  vhich  apply  to 
freehold  land.  This  is  realistic  since  82  percent  of  the  relevant 
lands  in  Alberta  are  crown  lands. 

The  royalty  is  calculated  according  to  Equation  1,  with  all 
values  set  at  their  levels  of  September  1978. 

1)  (A  -  B) 

Roy  =  S  +  KS  - 

A 


Roy  =  royalty  in  barrels 

S  =  the  number  of  barrels  determined  in  accordance  with 
Table  C.2  below. 

A  =  the  par  price  of  crude  oil,  set  at  $13.06. 

B  =  the  select  price  of  crude  oil,  set  at  $4.71. 

K  is  the  royalty  factor  for  the  month.  K  differs  for  'old' 
versus  'new'  oil  as  defined  in  the  petroleum  regulations. 
However,  all  oil  from  enhanced  recovery  projects  will 
qualify  as  'new'  oil  and  the  K  factor  is  set  at  0.6303 
(whereas  K  frcm  'old'  oil  is  1.5701).  Ihe  value  of 
K  is  changed  as  the  price  of  crude  oil  changes  to 
accommodate  prevailing  policy.  Currently  policy  is  to 
capture  35  percent  of  any  price  increases.  The  exact 
relationship  between  K  and  crude  price  for  new  oil  may 
be  determined  from  the  following  equation.  P]_  is 
average  production  for  the  province  currently  taken  as 
3,600  barrels  per  well  per  month.  Ihe  results  of 
calculation  of  the  value  of  K  for  various  prices  is 
presented  in  Table  C.l. 


. 
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TABLE  C.l 

PROJECTED  RELATIONSHIP  BETWEEN  WELLHEAD  CRUDE  PRICE 
AND  THE  ROYALTY  FACTOR  K 


Price  K 


13.06 

14.06 

15.06 

15.50 

16.00 

17.00 

18.00 

19.00 

20.00 

21.00 

22.00 

23.00 

24.00 

25.00 

30.00 

40.00 

50.00 


0.6303 

0.6293 

0.6283 

0.6279 

0.6275 

0.6268 

0.6267 

0.6256 

0.6251 

0.6246 

0.6242 

0.6238 

0.6234 

0.6231 

0.6218 

0.6202 

0.6192 


New  Oil,  l-Jul-75 

t,  CX  +  .35  (C2  +  c3) 
R  -  s  s  ,^B,  =  _1 _ 

Pi  "  Pi  Pi  ^  A  C 


where  R 
Pi 
S 

Pi 


the  average  royalty  rate 


=  the  basic  royalty  rate 


$12.75  =  C  is  the  wellhead  equivalent  of  A 

$4.40  =  Ci  is  the  wellhead  equivalent  of  B 

$2.10  =  C2  is  $6.50  -  Cx 

$6.25  =  C3  is  C  -  (Cx  +  C2) 


e  .g . 


780  13.06  -4.71 

'  to  r\tz 


780 

3600 


4.40  +  .35  (8.35) 


3600 


13.06 


12.75 
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TABLE  C.  2 

Monthly  Production 
in  Barrels 

Portion  of  Crown  Royalty  Payable  for  the  Month 
in  Barrels 

0  -  1,200 

The  number  of  barrels  determined  by  dividing  the 
barrels  produced  by  120  and  adding  5  to  the 
quotient  then  multiplying  by  the  barrels  produced 
and  dividing  by  100. 

1,200  and  over 

180  barrels  plus  one -fourth  of  the  number  of 
barrels  produced  in  excess  of  1200  barrels. 

SOURCE:  Taken  from  Alberta  Regulation  93/74,  the  Alberta  Gazette, 
April  15,  1974. 


Our  model  calculates  production  per  well  per  day  which  is 
multiplied  by  30  to  get  production  per  month  (later  we  calculate  the 
yearly  royalty  by  multiplying  the  monthly  result  by  12.17  =  365  i-  30). 
Using  monthly  production  we  determine  the  value  of  S  from  Table  A, 
plug  it  into  the  formula  to  get  gross  royalties  per  well  per  month  in 
barrels  which  is  then  multiplied  by  the  number  of  producing  wells  in 
the  project  and  by  12.17  to  give  us  gross  royalties  per  year  in 
barrels.  This  figure  is  divided  by  production  for  that  year  to  get  the 
royalty  in  fractional  terms.  This  is  necessary  because  of  the  manner 
in  which  eligible  cost  deductions  are  taken  into  account.  They  are  to 
be  deducted  frcm  total  revenue  before  the  calculation  of  royalties. 
Thus  we  take  total  revenue,  deduct  eligible  costs,  and  multiply  the 
result  by  the  fractional  royalty  figure. 

Alberta  regulation  9/77,  an  amendment  to  the  regulations  on 
enhanced  recovery,  outlines  the  cost  deduction  as  significant  incre¬ 
mental  costs  plus  10  percent.  Significant  incremental  costs  (beyond 
waterflood  costs)  are  defined  to  include  the  value  of  hydrocarbons 
injected  or  used  as  fuel,  the  value  of  other  injected  fluids  and 
chemical  additives  and  the  cost  of  purchased  energy  including  allowance 
for  transportation  of  the  above.  The  present  value  of  injected  hydro¬ 
carbons  expected  to  be  recovered  in  the  future  must  be  deducted  from 
this.  In  addition,  incremental  capital  costs  can  be  amortized  at  a 
rate  of  10  percent  on  the  diminishing  balance.  Eligible  capital  items 
include  wells  and  well  conversions,  pumps,  compressors,  mixing 


339 


facilities,  pipelines,  storage  facilities,  and  steam  generating 
facilities  as  well  as  interest  on  construction  at  the  prevailing  prime 
rate  plus  one.  The  current  prime  rate  was  9.75  percent  in  September 
1978,  but  it  fluctuates  according  to  econcmic  conditions  and  we  have 
assumed  a  rate  of  9  percent  for  our  calculations.  This  is  applied  to 
total  pre-production  developnent  costs. 

A  summary  example  of  the  royalty  calculation  is  presented  in 
Table  C.3. 
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TABLE  C. 3 

ROYALTY  CALCULATION  EXAMPLE 
1.  Production  per  well  per  month  (PRM) 


PRM  =  PR  x  30 


PR  =  production  per  well  per  day 


2. 


S  =  (5  +  PRM^  PRM 

120  100 


IF  PRM  is  0-1200  bbl/month 


S  =  180  +  0.25  (PRM  -  1200)  IF  PRM  is  greater  than  1200 

bbl/ month 


3.  Gross  royalty  per  well  per  month  in  barrels  (GRoy/w/m) 

GRoy/w/m  =  S  +  KS  (A~B) 

A 

where  S  =  number  of  barrels  determined  from  basic  royalty 
schedule  (Table  C.l) 

K  =  royalty  factor  for  new  oil  (0.6303) 

A  =  par  price  (13.06) 

B  =  select  price  (4.71) 

4.  Gross  royalty  per  year  in  barrels  (GRoy/y) 

GRoy  =  GRoy/w/m  x  wp  x  12.17 

wp  =  number  of  producing  wells 
12.17  =  no.  of  30  day  months  per  year 


5.  Royalty  as  a  percent  of  production 

gr%  =  GR°y/y 

py  py  =  production  per  year 

6.  Sum  eligible  incremental  costs  +  10%  (ICR  cost) 

a)  CM  (cost  of  material  injected) 

b)  CCW  amortized  at  10%  on  reducing  balance  (capital  costs) 

c)  0.5  x  OCW  (energy  cost  of  operating  wells) 

d)  TC  x  10%  (interest  on  debt  at  prime  (9%)  +  1,  the  opportunity 

cost  of  funds  ccnmitted  to  development. 

e)  (a  +  b  +  c  +  d)  x  10%  (allowance  for  other  expenditures) 

7.  Calculate  net  royalty  in  dollars 

Roy$  =  (TR  -  ICR  cost)  GR% 


NOTE:  If  incremental  costs  exceed  TR  in  any  year  they  may  be 

carried  forward  to  the  next  year. 


■ 
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C.2  Estimating  Taxes 

Tax  estimation  is  less  reliable  than  royalty  estimation  since 
every  company  is  in  a  unique  situation  regarding  available  write  offs, 
etc.  Furthermore,  the  tax  situation  is  quite  complicated  due  to  many 
recent  changes  that  affect  specific  areas  of  a  company's  operation. 
However,  an  estimate  of  the  tax  liability  of  each  project  is  possible 
as  outlined  below. 

We  calculate  total  revenue  from  the  project  in  a  year  and 
deduct  all  eligible  expenses.  Federal  and  provincial  rates  of  tax  are 
applied  to  the  result  and  any  provincial  rebates  are  incorporated.  (In 
particular,  the  federal  decision  to  disallow  provincial  royalties  as  a 
deduction  has  resulted  in  the  province  rebating  11  percent  of  the 
royalty  payment  net  of  federal  resource  allowance  as  a  compensation . ) 

The  complications  in  this  procedure  have  to  do  with  identifying 
the  appropriate  expenses.  These  generally  include: 

a)  operating  costs  (including  overhead) 

b)  depreciation  (capital  cost  allowance)  plus  Canadian 
development  expense 

c)  resource  allowance 

d )  interest 

e)  depletion  allowance. 

Canadian  Development  Expenses 

and  Depreciation 

Portions  of  capital  costs  are  deductible  under  two  different 
categories,  Canadian  development  expenses,  which  were  separated  frcm 
exploration  expenses  on  May  7,  1974,  and  capital  cost  allowances,  the 
income  tax  designation  for  depreciation.  Both  categories  are  written 
off  at  the  rate  of  30  percent  on  a  declining  balance. 

Canadian  development  expense  includes  twc  main  items:  certain 
elements  of  capital  costs  (most  notably  well  casing)  and  resource 
property  acquisition  costs.  FOr  tax  purposes  the  latter  deduction  is 
likely  used  up  at  the  primary  and  secondary  stage  of  the  field 
development.  The  eligible  el  orients  of  acceptable  capital  costs  are 
deducted  at  a  rate  of  30  percent  on  a  diminishing  balance. 

The  other  major  category  is  depreciation.  Depreciable  assets 
generally  include  above  ground  equipment  and  sucker  rods  and  pumps.  As 
noted  above,  well  casing  is  considered  a  development  expense.  Since 
the  two  categories  are  handled  in  the  same  way  we  have  combined  them 
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and  expense  total  capital  costs  at  the  rate  of  30  percent  per  year  on 
the  diminishing  balance. 

Resource  Allowance 

Effective  January  1,  1976,  a  deduction  to  offset  a  portion  of 
provincial  levies  was  introduced.  It  is  25  percent  of  revenue  after 
deducting  operating  costs  and  depreciation.  Par  purposes  of  this 
calculation  we  assume  that  depreciation  accounts  for  60  percent  of  the 
eligible  capital  deduction  (the  remaining  40  percent  is  accounted  for 
under  Canadian  developnent  expense) .  The  resource  allowance  is 
therefore  calculated  as  25  percent  of  total  revenue  minus  the  sum  of 
operating  costs  and  60  percent  of  capital  costs  expensed  at  a  rate  of 
30  percent  on  the  diminishing  balance.  If  resource  allowances  become 
negative,  they  are  set  to  0. 

Depletion  Allowance 

This  deduction  from  income  for  tax  purposes  was  incorporated 
into  the  tax  rules  to  allow  for  the  fact  that  oil  company  '  inventories 1 
will  gradually  be  depleted.  Lhder  new  regulations  proposed  in  the 
summer  of  1978,  companies  earn  depletion  dollars  at  the  rate  of  one  for 
every  two  dollars  expended  prior  to  the  start  of  production.  Fbr  EOR 
projects,  the  maximum  deduction  under  the  depletion  allowance  is  new  50 
percent  of  net  income  from  all  sources.  We  therefore  deduct  the  lesser 
of  one  half  of  capital  costs  or  one  half  of  revenue  net  of  all  other 
expenses,  whichever  is  less.  The  deduction  can  be  carried  forward 
indefinitely. 

Rebates 

The  Alberta  Royalty  Tax  Rebate  of  11  percent  of  disallowed 
crown  charges  after  deduction  of  the  resource  allowance  is  included  in 
the  model.  In  practice  this  amount  is  multiplied  by  an  average  of  the 
fraction  of  the  company' s  taxable  income  allocated  to  Alberta  and  the 
fraction  of  wages  and  salaries  allocated  to  Alberta.  In  the  model, 
since  each  project  is  assessed  independently,  we  have  assumed  this 
fraction  is  1.  The  rebate  is  first  used  to  reduce  provincial  taxes 
and  any  excess  is  incorporated  in  the  following  year.  There  is  also  a 
rebate  called  the  Royalty  Tax  Credit,  formerly  called  the  Small 
Explorers  Tax  Credit,  which  amounts  to  25  percent  of  royalties  up  to  a 
maximum  of  one  million  dollars  in  any  year.  If  this  amount  is  greater 
than  tax  payable  after  deducting  rebates  the  balance  is  remitted  to  the 
taxpayer  in  cash.  This  is  not  incorporated  in  the  model  since  it 
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applies  to  total  royalties  paid  by  a  company  and  the  proportion 
attributable  to  EOR  projects  is  indeterminate  but  probably  relatively 
small , 

Calculation  of  Tbxes 

The  federal  tax  rate  is  46  percent  minus  a  10  percent  abatement 
for  provincial  tax.  In  addition,  Canadian  controlled  private  corpo¬ 
rations  get  a  further  abatement  of  21  percent  on  the  first  $150,000  of 
annual  taxable  inccme  to  a  cumulative  total  of  $750,000.  This  special 
abatement  is  not  incorporated  in  the  model  since  it  would  not  apply  to 
the  majority  of  EOR  project  operators  and  in  any  event  the  total  will 
likely  be  used  up  for  most  operators  by  the  time  significant  enhanced 
recovery  operations  are  starting  up .  Thus  federal  tax  is  calculated  at 
36  percent  of  taxable  inccme.  Business  losses  due  to  operating  and 
capital  costs  exceeding  inccme  in  any  year  may  be  carried  forward  for  a 
period  of  five  years. 

Provincial  tax  in  Alberta  is  11  percent  of  taxable  inccme  and 
from  this  we  deduct  the  provincial  rebate. 

Net  Itevenue 

Total  revenue  minus  taxes  and  royalties  is  entered  into  the  net 
present  value  calculation  to  determine  the  viability  of  each  project. 

A  summary  example  of  the  tax  calculation  is  presented  in  Table 

C.4. 
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TABLE  C.4 

INCOME  TAX  CALCULATION  EXAMPLE 

1.  Calculate  eligible  deductions  to  determine  taxable  income 

a)  Operating  and  overhead  costs  and  costs  of  materials 

b)  Depreciation  and  the  relevant  portion  of  Canadian  development 
expense  (depreciation  would  not  apply  to  the  labour  portion  of 
CCW  (approximately  20  percent)  or  to  casing.  Canadian 
development  expense  would  not  apply  to  tangible  capital.  But 
together,  these  items  approximate  capital  costs.  Thus  total 
capital  costs  are  written  off  at  the  rate  of  30  percent  on  a 
diminishing  balance. 

c)  Resource  Allowance  (RA) 

RA  =  0 . 25  x  [TR  -  ( item  a  and  0.6  x  item  b)  ] 
where  TR  =  total  revenue 

d)  Interest  CCW  x  (prime  +  1) 

where  CCW  =  capital  costs 

e)  Depletion  Allowance 

0.5  (TR  -  OCW  -  OHC  -  CM  -  Deprec.  -  RA  -  Int) 
or 

0 . 5  CCW  whichever  is  less 

where  OCW  =  well  operating  costs 
OHC  =  overhead  costs 
CM  =  cost  of  injected  materials 

2.  Taxable  Income  =  TR  -  (items  a  -  e) 

3.  Calculate  taxes 

Federal  tax  (FT)  =  0.36  TI 

Provincial  Tax  (PT)  =  0.11  TI  -  0.11(Roy$  -  RA) 

4.  Calculate  net  revenue  (NTR)  =  TR  -  FT  -  PT  -  Roy$ 

NTR  now  enters  the  calculation  of  net  present  value  to  determine 
whether  or  not  the  project  is  commercially  viable. 


' 
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Footnotes 

^The  following  sources  were  used  in  developing  the  royalty 
and  tax  section  of  the  model: 

a .  Alberta  Regulations 


Petroleun  Royalty 

April,  1974 

Regulation  #  93/74 

Amended 

Oct.,  1974 

251/74 

Amended 

Sept.,  1976 

243/76 

Amended 

Jan.,  1977 

9/77 

Par  and  Select  Prices 

Aug.,  1977 

206/77 

Amended 

Feb.,  1978 

28/78 

b.  Interim  guidelines  for  the  administration  of  Section  4.2  of  the 

Petroleum  Royalty  Regulation,  Alberta  Ehergy  and  Natural  Resources, 
May  31,  1977,  amende  June  29,  1977. 

c.  Eavid  E.  Lewis  and  Andrew  R.  Thompson  Canadian  Oil  and  Gas,  But- 
terworth  &  Co.  (Canada)  Ltd.,  Tbronto. 

d.  Alberta  Energy  Resources  Conservation  Board,  Computational  Methods 
of  the  Assessor  for  Assessment  of  Petroleum  Rights  Under  the  Free¬ 
hold  Mineral  Taxation  Act  and  for  Assessment  of  Oil  and  Gas  Prop¬ 
erties  Under  the  Oil  and  Gas  Conservation  Act,  (Alberta  Ehergy 
Resources  Conservation  Board)  March,  1974. 

e  J.  B.  Kathlen  and  R.  W.  Bowhay,  Federal  Oil  and  Gas  Taxation,  (Cana¬ 
da:  Richard  de  Boo  Limited,  1973)  . 

f.  Royal  Bank  of  Chnada  "Taxation  -  Bulletin  No.  9"  (Canada:  Ihe  Roy¬ 
al  Bank  of  Canada,  Oil  and  Gas  Department,  March,  1972.) 
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APPENDIX  D 

DETAILED  DESIGN  OF  PRODUCTION  MODELS 
FOR  SPECIFIC  PROCESSES 


D.l  Steam  Drive 

Ass unpt ions 

A1 )  Incremental  recovery  is  determined  as  described  in  4 . 3  using 
Sorw  “  Sort 

R  =  -  x  RDIP 

Sorw 

which  is  then  multiplied  by  0.92  to  get  incremental  recovery  (IR). 

A2)  A  five  spot  is  assumed. 

A3)  Pattern  size  (the  number  of  acres  serviced  by  one  production 
well)  is  5  acres. 

A4)  The  productive  life  of  a  pattern  is  7  years. 

A5)  The  time  profile  of  production  over  the  7  years  is: 

Year  1  2  3  4  5  6  7 

%  of  Prod.  0  10  20  22  22  16  10 

A6)  The  time  profile  of  steam  injection  over  the  7  years  is: 

Year  1  2  3  4  5  6  7 

Number  of 
Pore  Volumes 

Injected  .25  .2  .2  .2  .2  .2  .2 

Technical  Relationships 

Tl)  Calculation  of  required  wells 

From  A2  the  implied  ratio  of  injection  wells  to  production 
wells  is  0.8.  This  allows  calculation  of  total  wells  required  as 
follows: 

Production  walls  (WP)  =  No.  of  patterns  = 
total  acreage  pattern  size 

Injection  wells  (Wl)  =  WP  x  0.8 
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T2)  Calculation  of  steam  generating  equipment  required 

The  pore  volume  for  the  entire  reservoir  is  calculated  as  total 
volume  times  porosity. 

PV  =  0Ah 

where 

PV  is  pore  volume  . 

0  is  reservoir  porosity 

A  is  acreage  of  reservoir 

h  is  pay  thickness 

The  pore  volume  is  allocated  to  each  production  stage  (Section 
4.4)  according  to  the  percentage  of  production  assigned  to  that  stage 
and  is  multiplied  by  7,758  to  translate  it  into  barrels. 

Applying  the  time  profile  of  injection  rates  to  each  stage 
yields  the  number  of  barrels  of  steam  required  in  each  year.  From  this 
we  determine  the  maximum  daily  requirement  of  steam  in  barrels, 
translate  it  to  pounds  and  then  calculate  the  number  of  Btus  required 
to  convert  that  many  pounds  of  water  to  steam  at  the  pressure  and 
temperature  conditions  found  in  the  reservoir.  Conversion  factors  are 
taken  from,  Introduction  to  Chemical  Engineering  Thermodynamics,  J.M. 
Smith  and  H.C.  VanNess,  1975,  Appendix  C. 

The  purpose  of  the  above  calculation  is  to  allcw  us  to 
determine  hew  many  steam  generators  of  a  given  capacity  are  required  to 
meet  the  maximum  requirements  in  any  stage  of  production.  This  number 
then  becomes  a  component  of  the  capital  cost  calculation  for  the  steam 
drive  process. 

D.2  Cyclic  Steam  Stimulation 

This  model  differs  from  the  others  because  the  recovery  method 
itself  is  somewhat  different.  Therefore  we  have  adopted  a  generalized 
set  of  production  assumptions ,  described  belcw,  that  are  derived  more 
from  field  experience  than  from  theoretical  considerations.'1' 

Assumptions 

Al)  Incremental  recovery  is  25  percent  of  original  oil  in  place. 

A2)  Area  served  by  each  well  is  5  acres. 

A3)  Required  steam/oil  ratio  is  four  barrels  steam  per  barrel  of 
oil  produced. 

A4)  During  the  production  period  of  the  cycle  the  production  rate 
is  65  barrels  per  day  per  well. 
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A5)  Cycles  include  increasing  injection  periods  and  decreasing 
production  periods  as  follcws: 


Injection 

Shut  In 

Production 

Total 

Cycle 

Time 

Time 

Time 

Time 

(days) 

(days) 

(days) 

1 

10 

10 

20 

40 

2 

15 

10 

25 

60 

3 

20 

10 

30 

60 

4 

25 

10 

30 

65 

5 

25 

10 

30 

65 

6 

25 

10 

35 

70 

120 

60 

170 

360 

Technical  Relationships 

Tl) 

Calculation  of  production  period 

in  years. 

Well  life  in  years 

is  variable  in 

this  process  rather 

than  an 

assumed 

amount  as  in  the  other  processes. 

It  is  calculated 

in  three 

steps: 

1)  Calculate  number  of  wells  required  as  total  acreage  divided 
by  the  nunber  of  acres  serviced  by  each  well,  here  assumed 
to  be  5. 

2)  Calculate  total  production  per  well  by  dividing  incremental 
recovery  by  wells  required. 

3)  Calculate  well  life  in  years  by  dividing  total  production 
per  wsll  by  production  per  year. 

(65  bbls/day  x  170  producing  days) 

T2)  Calculation  of  yearly  well  requirements. 

The  minimum  nunber  of  wells  to  be  developed  in  any  stage  of 
field  development  is  five.  Since  all  stages  of  production  are  assumed 
to  begin  one  year  after  the  beginning  of  the  previous  stage,  the  field 
life  can  be  determined  as  the  nunber  of  stages  (1/5  x  wells  required) 
plus  well  life  minus  one.  We  assign  a  maximum  possible  field  life  of 
16  years  and,  if  calculated  field  life  exceeds  this  amount,  the  nunber 
of  wells  per  stage  is  increased  until  the  16  year  field  life  is 
achieved.  It  is  possible  under  this  formulation  for  the  well  life  to 
exceed  the  calculated  field  life.  If  this  happens,  the  model 
arbitrarily  assigns  a  field  life  equal  to  well  life. 

T3)  Calculation  of  steam  generation  equipment  required. 

Estimated  incr omental  recovery  is  divided  equally  among  the 
number  of  stages  and  the  number  of  years  of  well  life.  Then  for  each 
year  the  required  amount  of  steam  (4  x  no.  of  barrels  of  oil  produced) 
is  translated  to  Btus  required  and  used  to  calculate  the  number  of 
generators  required  as  in  T2  of  the  steam  drive  model. 
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D.3  In  Situ  Wet  Combustion 

Assumptions 

Al)  Incremental  recovery  is  determined  as  described  in  4.3  using: 


orw 


-  S 


ort 


R  = 


orw 


x  ROIP  -  oil  burned  in  the 
combustion  zone 


The  slight  alteration  in  the  formula  is  because  seme  of  the  oil  is 
consumed  by  the  combustion  process.  The  amount  varies  with  viscosity. 
When  viscosity  is  less  than  40  cp,  180  barrels  of  oil  per  acre  foot  are 
assumed  lost  in  combustion.  When  viscosity  is  greater  than  40  cp,  240 
barrels  per  acre  foot  are  assumed  burnt.  These  amounts  are  deducted 
from  the  estimate  of  R  which  is  then  reduced  by  8  percent  to  allow 
for  irregular  edge  problems. 

A2)  A  nine  spot  pattern  is  assumed. 

A3)  Pattern  size  is  20  acres. 

A4)  The  productive  life  of  a  pattern  is  7  years. 

A5)  The  time  profile  of  production  over  the  7  years  is: 

Year  1  2  3  4  5  6  7 

%  of  Prod.  10  15  21  19  16  12  7 


is : 


A6)  The  time  profile  of  air  and  water  injection  over  the  7  years 

a)  For  reservoirs  with  oil  viscosity  greater  than  40  cp,  air 
injection  is  3.0  MMscf/yr  per  acre  foot  of  bum. 

b)  For  reservoirs  with  oil  viscosity  less  than  40  cp,  air 
injection  is  2.5  MMscf/yr  per  acre  foot  of  bum. 

c)  In  both  a)  and  b)  water  injection  is  0.5  barrels  per  Mscf  of 
air  injected  per  year. 

Technical  Relationships 

Tl)  The  assumed  nine  spot  pattern  implies  a  ratio  of  injection 
wells  to  production  wells  of  0.3. 

T2)  Air  injection  requirements  are  met  by  the  required  number  of 
0.5  MMscfd  units  (160  BHP). 

Number  of  cctrpressors  =  [MMscf/yr  required  t  (365)]  0.5 
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D.4  Polymer  Augmented  Waterflood 

This  model  differs  from  the  others  primarily  because  only  sweep 
efficiency/  not  displacement,  is  assumed  to  be  affected  by  a  polymer 
flood. 

Assumptions 

A1 )  Incr oriental  recovery  is  assumed  to  be  15  percent  of  primary 
plus  secondary  production  in  all  cases  where  secondary  production  has 
been  forecast  by  the  Energy  Resources  Conservation  Board.  In  cases 
where  no  forecast  for  secondary  production  has  been  made,  incremental 
recovery  is  assumed  to  be  5  percent  of  original  oil  in  place.  This 
amount  is  multiplied  by  0.92  to  allcw  for  sweep  inefficiencies  at  the 
edge  of  the  pool. 


A 2) 

A  five  spot  pattern 

is  assumed. 

A3) 

Pattern  size  is  80  acres. 

A4) 

The  productive  life 

of  a  pattern  is 

assumed  to  be  10  years. 

A5) 

The  time  profile  of 

production  over 

the  10 

years  is: 

Year 

12  3 

4  5  6 

7 

8  9  10 

%  of  Prod.  0  5  10 

20  20  15 

10 

10  5  5 

A6) 

The  time  profile  of 

injection  of  water  and 

polymer  over  the 

years  is: 

Year  1 

Number  of 
Pore  Volumes 
Injected 

Polymer  . 05 

Water  0 


8 


10 


.05  .05 

0  0 


.05  0 

0  .05 


0  0 
.05  .05 


0 

.05 


0 

.05 


0 

.05 


Technical  Relationships 

Tl)  The  polymer  (in  lbs)  required  to  obtain  a  250  PPM  solution  is 
calculated  as  follows: 


42  gals/bbl  x  0.1336  cu.ft/gal  x  62.4  lbs/cu.ft  = 
350.13888  lbs/bbl 


A  250  PPM  polymer  solution  rquires  350.13888  x  0.00025  =  0.0875 
lbs  of  polymer  per  barrel. 
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D.5  Alkaline  Flood 

Ass umpt ions 

Al)  Incremental  recovery  is  determined  as  described  in  4.3  using 
Sorw  ~  Sort 

R  =  - -  x  ROIP 

Sorw 


Incremental  recovery  is  R  x  0.92  which  allows  for  sweep 
inefficiencies  at  the  reservoir  edges. 

A2)  A  five  spot  pattern  is  assumed. 

A3)  Pattern  size  is  40  acres. 

A4)  Ihe  productive  life  of  a  pattern  is  10  years. 

A5)  The  time  profile  of  production  is: 

Year  123456789  10 

%  of  Prod.  0  1  7  16  21  21  16  11  5  2 


A6)  Ihe  time  profile  of  injection  of  the  alkaline  solution,  a 
chase  polymer  solution  and  water  is  shewn  below. 


Alkaline  Injection  Schedule  (pore  volumes  injected  per  year) 


Year  1 

Sodium  hydroxide  sol.  .08 
Polymer  solution  0 

Water  0 


2  3  4 

.08  .08  0 


5  6  7 

0  0  0 


0 

0 


0  .05  .05  .05  .05 

0  0  0  0  0 


Year  8 

Sodium  hydroxide  sol.  0 
Polymer  solution  0 

Water  .05 


9 

0 

0 

.05 


10 

0 

0 

.05 


Technical  Relationships 

Tl)  Calculation  of  wells  required 

Frcm  A2  the  implied  ratio  of  injection  wells  to  production 
wells  is  0.8.  Total  wells  required  equals  production  v>ells  (WP)  plus 
injection  wells  (Wl),  where 


WP  =  total  acreage  ■?  pattern  size 
WI  =  0.8  x  WP 


From  this  total  we  subtract  the  projected  number  of  wells  that 
will  be  in  place  following  waterflood  (as  discussed  in  Section  4.4) 
which  yields  the  nunber  of  new  wells  that  must  be  drilled  to  develop 
the  reservoir. 
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T2)  Calculation  of  number  of  lbs  per  barrel  of  sodium  hydroxide 
and  polymer  needed  to  obtain  the  solution  concentration  required  (i.e. 
1,500  PPM  alkaline  solution  and  250  PPM  polymer  solution). 

1)  Alkaline 

42  gals/bbl  x  0.1336  cu.ft/gal  x  62.4  lbs/cu.ft  = 

350.13888  lbs/bbl 

350.13888  lbs/bbl  x  0.015  =  5.252  lbs/bbl 

2 )  Polymer 

350.13888  lbs/bbl  x  0.00025  =  0.0875  lbs/bbl 


D.6  Microemulsion  Flood 

Ass  umpt  ions 

Al)  Incremental  recovery  is,  as  described  in  4.3,  equal  to 


sorw  "  sort 

-  x  ROIP  x  0.92 

Sorw 

A2)  A  five  spot  pattern  is  assumed. 

A3)  Pattern  size  is  20  acres. 

8  years. 

8 
7 


A4)  The  productive  life  of  a  pattern  is 

A5)  The  time  profile  of  production  is 
Year  1  2  3  4  5  6  7 

%  of  Prod.  0  0  10  24  29  20  10 


A6)  The  time  profile  of  injection  of  the  sufactant  slug,  the 
polymer  chase  solution  and  water  is  shewn  below. 


Surfactant  Injection  Schedule  (pore  volumes  injected  per  year) 


Year  1  2 

Surfactant  slug  .085  0 

Polymer  solution  0  .75 

Water  0  0 


3 

0 

.75 

0 


4 

0 

.75 

0 


5 

0 

0 

.75 


6 

0 

0 

.75 


7 

0 

0 

.75 


8 

0 

0 

.75 


Technical  Relationships 

Tl)  From  A2  the  implied  ratio  of  injectors  to  producers  is  0.8. 
Total  wells  required  equals  production  wells  (WP)  plus  injection  wells 
(Wl),  where 

WP  =  total  acreage  t  pattern  size 
WI  =  0.8  x  WP 


Frcm  the  total  we  subtract  the  projected  number  of  wells  that 
will  be  in  place  follcwing  waterflood  (as  discussed  in  Section  4.4) 
which  yields  the  number  of  new  wells  that  must  be  drilled  to  develop 
the  reservoir. 


- 
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T2)  The  sulfonate  consists  of  a  100  percent  active  surfactant  6.5 
percent  by  weight,  a  cosurfactant  (alcohol)  1.0  percent  by  weight  and 
oil,  10  percent  by  volume. 

The  polymer  solution  requires  a  concentration  of  600  PPM  in 
this  process. 

The  amounts  of  the  various  chemicals  required  per  barrel  are 
therefore: 

Surfactant 

42  gals/bbl  x  0.1336  cu.ft/gal  x  62.4  lbs/cu.ft  = 

350.13888 

350.13888  lbs/bbl  x  0.065  =  22.759  lbs/bbl 

Cosurfactant  (alcohol) 

350.13888  x  0.01  =  3.501389  lbs/bbl 

Oil 

0.1  bbl/bbl. 

Polymer 

350.13888  x  0.0006  =0.21  lbs/bbl 


D.7  Carbon  Dioxide  Miscible  Flood 

Assumptions 

Al)  Incr oriental  recovery  is  determined  as  described  in  4.3. 

use 


sorw  ”  sort 

R  =  -  x  ROIP 

°orw 

This  is  multiplied  by  0.92  to  get  incremental  recovery  (IR). 

A2)  A  five  spot  pattern  is  assumed. 

A3)  Pattern  size  is  80  acres. 

A4)  The  productive  life  of  a  well  is  12  years. 

A5)  The  time  profile  of  production  is: 

Year  12345  6789  10  11 

%  of  Prod.  0  0  4  7  11  15  18  14  12  10  6 


We 


12 

3 


A6)  The  time  profile  of  injection  involves  both  purchased  and 
recycled  CO2  and  water.  CO2  and  water  injection  is  alternated 
every  6  months.  The  injection  schedule  differs  according  to  whether 
the  reservoir  is  in  a  sandstone  or  carbonate  formation  with  the  latter 
requiring  a  slightly  larger  percentage  of  pore  volume  injection. 
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Injection  Schedule  in 

Sandstone 

Reservoirs 

(pore 

volumes 

in  j  eel 

year) 

Year 

1 

Jw 

2 

3 

4 

5 

6 

7 

Purchased  CO2 

.02 

.02 

.02 

.018 

.016 

.014 

.012 

Recycled  CO2 

0 

0 

0 

.002 

.004 

.006 

.009 

Water 

.02 

.02 

.02 

.02 

.02 

.02 

.02 

Year 

8 

9 

10 

11 

12 

Purchased  CO2 

.01 

.008 

.008 

.007 

.006 

Recycled  CO2 

.01 

.012 

.012 

.013 

.014 

Water 

.02 

.02 

.02 

.02 

.02 

Injection  Schedule  in  Carbonate 

Reservoirs 

Year 

1 

2 

3 

4 

5 

6 

7 

Purchased  CO2 

.025 

.025 

.025 

.023 

.021 

.019 

.017 

Recycled  CO2 

0 

0 

0 

.002 

.004 

.006 

.008 

Water 

.025 

.025 

.025 

.025 

.025 

.025 

.025 

Year 

8 

9 

10 

11 

12 

Purchased  CO2 

.015 

.014 

.013 

.012 

.011 

Recycled  CO2 

.01 

.011 

.012 

.013 

.014 

Water 

.025 

.025 

.025 

.025 

.025 

Technical  Relationships 

Tl)  Calculation  of  wells  required 

Fran  A2  the  implied  ratio  of  injection  wells  to  production 
wells  is  0.8.  This  allavs  calculation  of  total  wells  required  as 
production  wells  (WP)  +  injection  veils  (WI),  where 


WP  =  total  acreage  t  pattern  size 
WI  =  0.8  x  WP 


Fran  this  total  we  subtract  the  projected  number  of  wells  that  will  be 
in  place  following  waterflood  (as  discussed  in  Section  4.4)  which 
yields  the  number  of  new  wells  that  must  be  drilled  to  develop  this 
reservoir . 

T2)  Calculation  of  on-site  units  required  for  separating  and 
recanpressing  recycled  CC^. 

This  is  simply  the  number  of  cubic  feet  of  recycled  CO2 
required  per  year  divided  by  1  million.  This  yields  the  number  of 
MMcf/year  units  required. 

T3)  Calculation  of  the  number  of  cubic  feet  of  CO2  equivalent  to 
a  reservoir  barrel  of  CO2  at  given  depths  and  temperatures. 


a 
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This  is  a  tvio  stage  procedure  as  outlined  belcw. 


Stage  1:  Calculation  of  reduced  pressure  (Pr)  and  temperature  to 
allcw  identification  of  an  approximate  z  value  from  a  generalized 
compressibility  chart. 

1)  P 

Pr  =  - 

Pc  x  14.696 

where 

P  is  1/2  (0.6  x  depth  +  50)  psi 

Pc  is  critical  pressure  for  CC>2/  72.8  atmospheres  or 
72.8  x  14.696  psi 

2)  T  +  460 

TR  =  - 

Tc  x  1.8 


where 

T  is  reservoir  temperature  °F,  converted  to  absolute 
temperature  by  the  addition  of  460. 

Tc  is  the  critical  temperature  for  CC>2/  304.2°  Kelvin 

converted  to  absolute  temperature  by  multiplying  by  1.8 


3) 


Given  Pr  and  Tr  we  can  read  the  compressibility  factor, 
from  a  generalized  compressibility  chart. ^ 


z, 


Stage  2:  Calculating  the  volume  of  CO2  equivalent  to  a  reservoir 
barrel  at  a  given  depth  and  temperature  (bbl  vol) 


4) 


V 


z  R(T  +  460) 
P 


cu.  ft 
lb  mole 


where 

V  is  volume 

z  is  compressibility  factor 


psi 

°R 


) 


psia  cu.ft 

R  is  universal  gas  constant  which  is  10.73  ( - — — ) 

lb  mole  °R 


P  is  reservoir  pressure  (psi) 


5) 

bbl  vol  ( CO2 ) 


5.6145  cu.ft/bbl  x  379  cu.ft/ lb  mole 
V  lb  mole/ cu.ft 
5.6145  x  379 


V 


.  T'i 
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This  calculation  was  carried  out  for  various  depths  and 
temperatures  and  the  result  incorporated  in  the  production  model  for 
CO2  miscible  injection. 


D.8  Hydrocarbon  Miscible  Model 

Assumptions 

Al)  Incremental  recovery  is  determined  as  described  in  4.3  using 
sorw  "  sort 

r  =  -  x  ROIP 

sorw 

This  is  multiplied  by  0.92  to  get  incremental  recovery  (IR). 

A2)  A  five  spot  pattern  is  assumed. 

A3)  Pattern  size  is  80  acres. 

A4)  The  productive  life  of  a  well  is  12  years. 

A5)  The  time  profile  of  production  is: 

Year  123456789  10  11  12 

%  of  Prod.  0  0  4  7  11  15  18  14  12  10  6  3 

A6)  The  time  profile  of  injection  involves  an  LPG  slug,  a  chase 
gas,  and  water  (which  is  injected  alternately  to  the  LPG  slug  and 
following  the  chase  gas).  This  is  not  particularly  suggested  as  a 
flooding  pattern  but  rather  was  chosen  as  the  highest  cost  pattern 
(thus  the  most  conservative  for  estimating  purposes)  with  the  best 
chance  of  success. 


Injection  Schedule  in  Both  Sandstone  and  Carbonate  Reservoirs 
(pore  volume  injected  by  year) 


Year 

1 

2 

3 

4 

5 

6 

7 

8 

LPG  slug 

0 

.025 

.025 

.025 

.025 

0 

0 

0 

Gas  (methane) 

0 

0 

0 

0 

0 

.07 

.07 

.07 

Water 

.025 

.025 

.025 

.025 

.025 

0 

0 

0 

Year 

9 

10 

11 

12 

LPG  slug 

0 

0 

0 

0 

Gas  (methane) 

.07 

0 

0 

0 

Water 

0 

.025 

.025 

.025 

A7)  Injected  hydrocarbons  are  recovered  in  the  production  process. 
We  assume  this  recovery  amounts  to  100  percent  of  the  LPGs  and  60 
percent  of  the  methane  recovered  twD  years  after  the  injection  date. 
The  cost  of  the  injected  hydrocarbons  net  of  the  present  value  of  the 


1  ' 
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amount  to  be  recovered  in  the  future  is  deductible  as  an  operating 
expense  in  the  royalty  calculations. 

A8)  Since  gas  plants  are  assumed  to  be  in  place  from  the  primary/ - 
secondary  operation,  and  since  the  general  distribution  system  is 
assumed  already  in  existence,  no  specific  extra  equipment  is  required 
for  compressing  and  injecting  the  methane.  However,  sane  expansion  of 
field  plant  capacity  may  be  required  to  handle  the  extra  hydrocarbon 
production. 

Technical  Relationships 

Tl)  Calculation  of  wells  required. 

Frcm  A2  the  implied  ratio  of  injection  wells  to  production 
wells  is  0.8.  This  allcws  calculation  of  total  wells  required  as 
production  wells  (WP)  +  injection  wells  (WI). 

WP  =  total  acerage  r  pattern  size 
WI  =  0.8  x  WP 

Frcm  this  total  we  subtract  the  projected  number  of  wells  that  will 
be  in  place  following  waterflood  (as  discussed  in  Section  4.4)  which 
yields  the  number  of  new  wells  that  must  be  drilled  to  develop  this 
reservoir . 

T2)  Calculation  of  the  number  of  cubic  feet  of  methane  equiva¬ 
lent  to  a  reservoir  barrel  at  given  depths  and  temperatures 

This  calculation  is  identical  to  that  for  CC>2  given  in  the 
CC>2  model  (see  T3).  The  only  difference  is  that  the  critical 

temperature  for  methane  is  140 . 6°K  and  the  critical  pressure  is  45.4 
atmospheres . 
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EVxytnotes 

^The  general  outlines  of  this  model  were  suggested  by  Dr. 
D.L.  Flock  of  the  University  of  Alberta. 

The  generalized  compressibility  chart  used  is  Figure  3-2 
(p.  28)  of  Robert  C.  Reid,  and  Thomas  K.  Sherwood,  The  Properties  of 
Gases  and  Liquids:  Their  Estimation  and  Correlation,  (New  York: 

McGraw-Hill,  1977),  second  edition. 
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APPENDIX  E 

DETAILED  SENSITIVITY  ANALYSIS 


E.l  Sensitivity  Analysis  on  Costs 

E.1.1  Variation  of  Incremental  Recovery 
and  Production  Rates  With  Costs 

Total  costs  of  individual  reservoirs  were  altered  by  ±25 
percent  with  fairly  significant  results  on  aggregate  output.  Incre¬ 
mental  recovery  was  reduced  from  the  base  case  2.4  billion  barrels  to 
862  million  When  costs  were  increased  across  the  board.  A  similar 
reduction  in  costs  increased  recovery  to  2.975  billion  barrels,  which 
is  116  million  barrels  more  than  the  response  to  a  similar  percentage 
price  reduction.  As  in  the  price  variations  discussed  above,  the 
asymetric  cost  variation  results  reveal  the  large  amount  of  marginal 
oil  at  current  costs  and  prices. 

The  impact  on  production  rates  is  illustrated  in  Figures  E.l  to 
E.3.  The  impact  differs  by  process  with  the  chemical  processes  shewing 
more  response  to  cost  reductions  than  the  others  but  with  the  overall 
trend  being  established  by  the  large  miscible  group.  Overall  peak 
production  rates  vary  from  244  Mb/d  peaking  in  1991,  in  the  high  cost 
case,  to  780  Mb/d  peaking  in  1992,  in  the  lew  cost  case. 

E . 1 . 2  Process  Shares  and  Costs 

The  impact  of  cost  variation  on  process  shares  is  shown  in 
Table  E.l.  Again  the  significant  change  comes  between  base  and  high 
cost  cases.  Once  the  marginal  reservoirs  are  made  economic,  further 
cost  reductions  leave  shares  essentially  unchanged. 

TABLE  E.l 

PERCENTAGE  SHARES  BY  PROCESS  OF  TOTAL  TERTIARY 
PRODUCTION  FOR  ALTERNATE  COST  ASSUMPTIONS 


Costs 

Total  Tertiary 
Recovery 
(MMbbl) 

Thermal 

Share 

(%) 

Chemical 

Share 

(%) 

Miscible 

Share 

(%) 

0.75  x  base 

2,976 

16 

8 

76 

Base 

2,407 

17 

5 

78 

1.25  x  base 

862 

27 

11 

62 

■ 


FIGURE  E.l 


SENSITIVITY  OF  AGGREGATE  INCREMENTAL  RECOVERY  TO 
CHANGES  IN  TOTAL  COSTS 
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Total  Cost 
Factor:  0.75 


f|jP f  Miscible  Gas 
Processes 


□ 


1.00 

Thermal 

Processes 


1.25 


Chemical 

Processes 


FIGURE  E . 2 

IMPACT  OF  COST  CASES  ON  PRODUCTION 
ALL  PROCESSES 
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FIGURE  E.3:  Sensitivity  of  Rates  of  Production  to  Changes  in 
Individual  Reservoir  Development 
Costs  of  ±25  percent  of  Base  Case  Estimates 


364 


E.1.3  The  Impact  of  Alternate  Cost 

Assumptions  on  Aggregate  Costs 

Alternate  assumptions  regarding  costs  of  development  of 
individual  reservoirs  involve  twc  opposing  impact 3  in  the  aggregate. 
Lower  costs  reduce  costs  for  each  pool  but  increase  the  number  of  pools 
thus  increasing  aggregate  costs.  Higher  costs  have  an  opposite  effect. 
The  increase  in  individual  pool  costs  reduces  the  number  of  eligible 
pools  significantly  in  the  miscible  drive  group  so  that  overall  costs 
are  reduced  substantially.  Similar  cost  increases  have  much  less  of  an 
effect  on  the  chemical  process  group.  These  effects  are  shewn  in 
Figures  E.4  to  E.6  and  suggest  again  the  'hardiness'  of  the  qualifying 
chemical  reservoirs.  The  miscible  group  includes  many  quite  marginal 
projects  under  base  case  conditions.  Cost  reductions  have  an  opposite 
effect,  increasing  the  chemical  projects  significantly.  The  base  case 
conditions  and  the  screening  procedure  have  clearly  left  us  with  only 
the  highest  quality  candidates  in  the  chemical  group. 

E.1.4  Social  Value  and  Costs 

The  tax  impact  on  production  for  the  alternate  assumptions  is 
set  out  in  Tables  E.2  and  E.3.  Table  E.2  shows  the  impact  on  barrels 
produced  and  Table  E.3  the  impact  on  the  net  value  of  production.  The 
tax  impact  is  much  less  variable  for  changes  in  costs  than  changes  in 
prices  because  the  tax  system  is  revenue  based.  The  11  billion  barrels 
lost  in  the  lew  cost  case  have  a  net  value  of  $40  million  Whereas  the 
170  million  barrels  lost  in  the  high  cost  case  have  a  net  social  value 
of  about  $200  million  (the  'cost'  of  the  tax  system). 

TABLE  E.2 

IMPACT  OF  TAX  SYSTEM  ON  RECOVERY  LNEER 
ALTERNATE  COST  ASSUMPTIONS 


Costs 

Recovery 

No  Tax  or 
Royalty 
(MMbbl) 

Recovery 
Current  Taxes 
&  Royalties 
(MMbbl) 

Recovery 
Tax  Impact 
(MMbbl) 

0.75  x  base 

2,987 

2,976 

11 

Base 

2,706 

2,407 

299 

1 .  25  x  base 

1,032 

862 

170 

r.ns 
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FIGURE  E.4 :  Sensitivity  of  Aggregate  Total  Costs  to  Changes  in 
Assumed  Individual  Reservoir  Costs 
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FIGURE  E.5:  Sensitivity  of  Aggregate  Variable  Costs  (Operating 
Plus  Materials)  to  Changes  in  Individual  Costs 
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FIGURE  E . 6 :  Sensitivity  of  Aggregate  Capital  (Fixed)  Costs 
to  Changes  in  Individual  Costs 
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TABLE  E.  3 

POTENTIAL  AND  REALIZED  SOCIAL  VALUE  UNDER 
ALTERNATE  COST  ASSUMPTIONS 


Potential 

Net 

Social  Value 
($billion) 

Realized 

Net 

Social  Value 
($billion) 

Change  in  Net  Social  Value 
Attributable  to  the  Impact 
of  the  Tax  System 
($billion) 

0.75 

x  base 

13.07 

13.0 

0.04 

Base 

7.4 

7.0 

0.4 

1.25 

x  base 

3.5 

3.3 

0.2 

Again  the  tax  system  has  its  most  adverse  effect  in  the  base 
case,  229  million  barrels,  representing  $400  million  net  loss  to 
society. 

E.1.5  Revenue  Shares  and  Costs 

The  division  of  net  revenues  under  alternate  cost  regimes  stays 
relatively  constant,  about  two- thirds  to  one- third  in  favour  of 
government,  as  shewn  in  Table  E.4. 


TABLE  E. 4 

DIVISION  OF  NET  REVENUES  BETWEEN  INDUSTRY  AND  GOVERNMENT 


Total  Net 
Revenue 
($MM) 

After  Tax 

Net  Revenue 
($MM) 

%  of 
Total 

Tax  Take 
($MM) 

%  of 
Total 

0.75  x  base 

13,027 

5,039 

39 

7,988 

61 

Base 

7,005 

2,450 

35 

4,555 

65 

1.25  x  base 

3,335 

1,335 

40 

2,000 

60 

E.1.6  Impact  of  Cbst  Variations 
on  Economic  Results 

The  impact  of  alternate  cost  assumptions  is  detailed  in  Thble 
E.5.  Recovery  varies  inversely  with  costs  as  wDuld  be  expected,  and 
again  the  movement  from  base  to  high  cost  scenarios  knocks  a  lot  of 
marginal  reservoirs  out  of  contention.  This  effect  is  most  pronounced 
for  the  miscible  processes  in  vhich  base  case  recovery  is  reduced  by  72 
percent  when  higher  costs  are  imposed. 
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0.75  x  base  3,301  4,971  12.00  21  2,256 

1,439  2,698  15.20  13  1,885 

1.25  x  base  574  893  13.90  17  530 
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The  internal  rate  of  return  again  varies  in  an  unpredictable 
fashion  but  new  the  supply  price  also  moves  erratically.  Although 
increasing  individual  pool  costs  act  to  increase  the  supply  price,  in 
the  aggregate  the  increased  costs  eliminate  seme  less  productive 
reservoirs  and  this  influence  is  enough  to  reduce  the  aggregate  supply 
price  belcw  What  it  is  in  the  base  case.  Supply  prices  vary  with  the 
discount  rate  as  well  and  this  relationship  is  illustrated  for  each 
process  group  in  Figure  E.7.  Lhlike  the  result  in  the  price  variation 
discussion,  the  supply  prices  lines  here  actually  cross  at  a  suf¬ 
ficiently  high  discount  rate.  This  suggests  one  or  both  of  tv»o 
possibilities:  (1)  the  lew  cost  scenario  involves  a  higher  concen¬ 
tration  of  costs  in  the  earlier  years  that  are  affected  to  a  greater 
degree  by  larger  discount  rates;  and  (2)  the  lew  cost  involves  a  higher 
concentration  of  production  in  earlier  years  which  is  affected  somewhat 
more  by  the  discounting  process. 

The  present  value  measures  vary  reliably  in  an  inverse  relation 
with  pool  costs  and  here  an  interesting  fact  may  be  noted.  Lower  costs 
increase  recovery  by  24  percent  but  increase  net  revalue  by  86  percent. 
The  net  value  is  increased  not  only  by  increasing  viable  reservoirs  but 
also  by  increasing  the  net  profit  of  all  reservoirs.  Higher  costs 
reduce  recovery  by  64  percent  but  net  value  is  reduced  by  only  52 
percent.  Effects  opposite  to  those  above  are  somewhat  ameliorated  by 
the  elimination  of  the  higher  cost  reservoirs  from  the  profitable  set. 

Variance  of  social  value  and  industry  profit  with  costs  also 
depends  on  the  discount  rates  applied  as  shewn  by  Figures  E.8  and  E.9. 

E.1.7  Inpact  of  Increasing  Individual 
Cost  Components 

In  addition  to  carrying  out  sensitivity  analysis  on  total  costs 
we  looked  at  the  impact  of  increasing  individual  cost  components 
(capital,  operating  and  materials) .  Each  cost  category  was  increased 
by  25  percent  while  holding  other  cost  categories  at  base  case  levels. 
The  purpose  was  to  investigate  the  relative  importance  of  the  various 
cost  categories  in  a  'worst  case'  situation. 

The  effect  of  this  on  incremental  recovery  is  shown  in  Table 
E.6.  The  thermal  processes  are  least  sensitive  to  capital  cost 
increases  which  reduce  recovery  by  24  percent.  They  are  equally 
sensitive  to  increases  in  operating  and  material  costs  which  reduce 
recovery  by  35  percent.  Ihe  chemical  processes  show  almost  no 
sensitivity  to  capital  cost  increases  and  only  slightly  more  reaction 
to  material  and  operating  cost  increases  which  reduce  recovery  by  4  and 
8  percent  respectively.  The  miscible  processes  respond  about  equally 
to  capital  and  operating  cost  increases;  recovery  being  reduced  by  18 
and  20  percent.  They  are,  hewever,  extremely  sensitive  to  materials 
cost  increases,  reducing  recovery  by  64  percent  which  is  only  8  percent 
less  than  the  reduction  in  recovery  attendant  on  similar  increases  in 
total  costs.  The  aggregate  results  are  again  dominated  by  the  miscible 
group.  Increasing  capital  costs  reduces  overall  recovery  by  18 
percent,  operating  costs  have  a  22  percent  impact  and  materials  costs  a 
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FIGURE  E . 7 : 


Variation  of  Supply  Price  with  Discount  Rate 
for  Alternate  Cost  Cases 


OISCOUNT  RATE  (  PER  CENT)  DISCOUNT  RATE  (  PER  CENT) 
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FIGURE  E . 8 

VARIATION  Or  REALIZED  SOCIAL  VALUE  FROM  ENHANCED 
RECOVERY  WITH  DISCOUNT  RATES  UNDER  ALTERNATE 
COST  ASSUMPTIONS 


FIGURE  E. 9 


VARIATION  OF  INDUSTRY  AFTER  TAX  NET  REVENUE  WITH 
DISCOUNT  RATES  UNDER  ALTERNATE  COST  ASSUMPTIONS 
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57  percent  inpact.  These  results  may  be  ccrrpared  with  the  reduction  of 
64  percent  of  base  case  recovery  that  occurs  when  total  costs  are 
increased  by  25  percent. 


TABLE  E. 6 

COST  SENSITIVITY  RESULTS  ON  INCREMENTAL  RECOVERY 

(MMbbl) 


Sensitivity 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Total  Cost 

0. 75  x  base 

2,976 

491 

228 

2,256 

base 

2,407 

407 

115 

1,885 

1 . 25  x  base 

862 

236 

96 

530 

Capital  Cost 

base 

2,407 

407 

115 

1,885 

1.25  x  base 

1,962 

310 

114 

1,538 

Operating  Cost 

base 

2,407 

407 

115 

1,885 

1.25  x  base 

1,878 

264 

106 

1,508 

Materials  Cost 

base 

2,407 

407 

115 

1,885 

1.25  x  base 

1,047 

264 

110 

673 

Process  shares  are  not  materially  affected  by  increases  in 
capital  or  operating  costs  but  increases  in  materials  costs  reduce  the 
miscible  share  to  64  percent  as  shown  in  Table  E.7.  This  procedure  did 
not  allow  for  the  possibility  of  individual  materials  costs  being 
higher  than  others.  FOr  example,  costs  of  carbon  dioxide  might  be 
higher  than  estimates  used  here,  whereas  our  chemical  costs  are  good 
approximations.  In  that  case,  the  reduction  in  miscible  share  would  be 
even  more  than  shewn. 
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TABLE  E. 7 

EFFECT  ON  PROCESS  SHARES  OF  INCREASING 
INDIVIDUAL  COST  COMPONENTS 


Total  Tertiary  Thermal 

Chemical 

Miscible 

All  Processes 

Recovery 

Share 

Share 

Share 

(MMbbl) 

(%) 

(%) 

(%) 

Base  case 

2,407 

17 

5 

78 

TC  =  1.25  x  base 

862 

27 

11 

62 

CC  =  1.25  x  base 

1,962 

16 

6 

78 

OC  =  1.25  x  base 

1,878 

14 

6 

80 

CM  =  1.25  x  base 

1,047 

25 

11 

64 

Since  cost  changes  pull  : 

in  two  directions,  little  significance 

can  be  attached  to  changes  in  either  supply  prices  or  internal 

rates  of 

return  v>hich,  in 

any  case,  were 

not  affected  materially  by  changes  in 

components  of  costs.  The  inpact 

on  net  social  value  and  its 

division 

between  industry 

and  government 

is  given  in 

Table  E.8.  Total  net 

social  value  is 

reduced  by  16, 

27  and  42  percent,  respectively,  by 

increases  in  capital,  operating 

,  and  materials  costs.  This 

may  be 

compared  with  the 

52  percent  reduction  when  total  costs  are  increased. 

The  division  of 

revenues  is  not  affected. 

however .  Governments 

consistently  capture  only  60  to 

65  percent  of 

the  total  value 

through 

taxes  and  royalties. 

TABLE  E. 8 

EFFECT  ON  REVENUE  SHARES  OF  CHANGES 

IN  COST  ASSUMPTIONS 

Present  Value 

Total 

Company 

%  of  Taxes  & 

%  of 

All  Processes 

Social  Value 

Net  Revenue 

Total  Royalties 

Total 

Base  case 

7,005 

2,450 

35  4,555 

65 

TC  =  1.25  x  base 

3,335 

1,335 

40  2,000 

60 

CC  =  1.25  x  base 

5,861 

2,130 

36  3,731 

64 

OC  =  1.25  x  base 

5,129 

1,771 

35  3,358 

65 

CM  =  1.25  x  base 

4,101 

1,625 

40  2,476 

60 
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E.2  Sensitivity  Analysis  on 
Pattern  Size 

Pattern  size  refers  to  the  number  of  acres  serviced  by  an 
individual  pattern,  in  most  cases  here  a  five  spot.  It  is  a  parameter 
of  technical  importance  to  reservoir  engineers  since  it  affects  the 
timing  and  effectiveness  of  the  development  process .  We  considered 
patterns  one  half  and  two  times  the  base  case  in  size.  This  is  assumed 
not  to  alter  the  effectiveness  of  the  particular  process  in  the  sense 
that  incremental  recovery  in  a  given  reservoir  does  not  change  with 
increased  or  reduced  pattern  size.  The  effect  is  primarily  on  costs 
through  changes  in  wells  required  and  associated  equipment.  Using  10 
acre  five  spots  in  the  steam  drive  process  instead  of  5  acre  five  spots 
would  reduce  the  total  number  of  wells  required  to  develop  the  reser¬ 
voir.  In  some  cases  the  impact  of  a  change  in  the  pattern  size  would 
be  partially  offset  by  an  opposite  impact  on  the  flow  check  well 
requirement.  For  example,  increasing  the  pattern  size  thus  reducing 
the  well  requirements  might  increase  the  implied  flew  rate  beyond  the 
reservoir's  theoretical  limit.  Thus  the  flow  check  would  became 
operative  and  increase  the  number  of  wells  required.  The  variations  in 
pattern  size  by  process  are  set  out  in  Table  E.9. 

TABLE  E. 9 

VARIATIONS  ON  PATTERN  SIZE  ASSUMPTION 


Pattern 

Base 

Size 

(acres) 

0.5  x  Base 
High  Cbst 
(acres) 

2  x  Base 
lew  Cost 
(acres) 

Steam  drive 

5 -spot 

5 

2.5 

10 

Steam  stimulation 

- 

5 

2.5 

10 

In  situ  combustion 

9 -spot 

20 

10 

40 

Polymer  augmented 
waterflood 

5 -spot 

80 

40 

160 

Alkaline  flood 

5 -spot 

40 

20 

80 

Microermulsion  flood 

5 -spot 

20 

10 

40 

CO2  miscible 
(sandstones) 

5 -spot 

80 

40 

160 

( carbonates ) 

5 -spot 

80 

40 

160 

Hydrocarbon  miscible 
(sandstones  and 
carbonates 

5 -spot 

80 

40 

160 
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E.2.1  Variation  of  Incremental  Recovery  and 
Production  Rates  With  Pattern  Size 

Table  E.10  and  Figures  E.10  to  E.12  show  the  impact  of  pattern 
size  variation  on  incremental  recovery  and  production  rates.  The  over¬ 
all  impact  is  similar  to  that  of  total  cost  variation  though  reductions 
in  production  are  more  pronounced.  Ihe  chemical  and  miscible  processes 
are  quite  sensitive  to  the  cost  change  associated  with  reduced  pattern 
size.  Production  declines  of  46  and  81  percent  result.  However,  the 
thermal  group  responds  perversely.  The  reduced  pattern  size  actually 
increases  recovery  by  about  3  million  barrels.  The  change  occurs  in 
the  in  situ  group  where,  in  spite  of  a  reduction  in  eligible  reservoirs 
frcm  38  to  31,  recoverable  oil  goes  up.  The  new  pattern  of  costs 
interacts  with  the  tax  and  discounting  procedures  in  such  a  way  as  to 
make  some  of  the  larger  marginal  reservoirs  dominant  and  profitable. 

TABLE  E.10 

PATTERN  SIZE  AND  INCREMENTAL  RECOVERY 

(MMbbl) 


Pattern 

Size 

All 

Processes 

Thermal 

Chemical 

Miscible 

0.5  x  base 

821 

410 

62 

349 

Base 

2.407 

407 

115 

1,885 

2  x  base 

2,944 

456 

231 

2,257 

E.2.2  Process 

Shares  and  Pattern  Size 

The 

impact 

on  shares  of  recovery  by  process  group  is  given  in 

Table  E.ll. 

The  only  notable  change  occurs  because  of  the  reaction  of 

the  thermal 

group 

which  causes  its  share  to 

increase  frcm 

i  17  to  50 

percent . 

TABLE 

E.ll 

PERCENTAGE  SHARES  BY  PROCESS  OF  TOTAL  TERTIARY 

PRODUCTION  FOR  ALTERNATE 

PATTERN  SIZE  ASSUMPTIONS 

Total  Tertiary 

Thermal 

Chemical 

Miscible 

Pattern  Size 

Recovery 

Share 

Share 

Share 

(MMbbl) 

(%) 

(%) 

(%) 

0.5  x  base 

821 

50 

8 

42 

Base 

2,407 

17 

5 

78 

2  x  base 

2,944 

15 

8 

77 
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FIGURE  E.10 

SENSITIVITY  OF  AGGREGATE  INCREMENTAL  RECOVERY  TO 
CHANGES  IN  PATTERN  SIZE 
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FIGURE  E.ll 

SENSITIVITY  OF  YEARLY  PRODUCTION  RATES  TO 
CHANGES  IN  ASSUMED  PATTERN  SIZE,  ALL  PROCESSES 


5 


10 


YEARS 


378 


FIGURE  E.  1 2:  Sensitivity  of  Yearly  Production  Rates  to  Changes 
in  Assumed  Pattern  Size 
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E.2.3  Pattern  Size  and  Costs 

Changing  pattern  size  affects  costs  in  several  ways.  Reducing 
pattern  size,  for  example,  increases  wells  required  and  therefore 
capital  costs.  This  may  be  partially  offset  by  an  elimination  of  any 
extra  wells  that  might  have  been  required  with  a  larger  pattern  size 
due  to  the  flew  check.  In  the  aggregate,  increased  individual  reser¬ 
voir  costs  eliminate  many  reservoirs  from  the  profitable  set  thus 
overall  costs  are  reduced.  The  overall  impact  on  cost  flews  is  illus¬ 
trated  in  Figures  E.13  to  E.15. 

The  chemical  and  thermal  processes  are  significantly  affected 
by  both  increases  and  reductions  in  pattern  size,  whereas  the  impact  on 
the  miscible  process  is  only  notable  when  pattern  size  is  cut  in  half, 
reducing  the  number  of  reservoirs  and  thus  aggregate  costs. 

Since  the  miscible  processes  outweigh  the  others  by  a  consider¬ 
able  margin,  the  sensitivity  of  all  processes  together  follcws  closely 
that  of  the  miscible  group.  An  increase  in  pattern  size  has  little 
effect  on  this  group  because  the  wells  assumed  in  place  frem  water- 
flooding  on  80  acre  spacing  mean  that  with  miscible  also  on  80  acre 
spacing  not  much  drilling  is  required.  Doubling  the  spacing  reduces 
wells  required  by  very  little,  whereas  halving  the  spacing  to  40  acres 
significantly  increases  required  drilling  and  therefore  costs. 

E.2.4  Social  Value  and  Pattern  Size 

Table  E.12  sets  out  the  potential  and  realized  social  value  of 
tertiary  recovery.  Figure  E.16  illustrates  how  realized  social  value 
at  various  discount  rates  varies  for  alternate  pattern  size 
assumptions.  The  variation  is  quite  large  and,  interestingly,  net 
value  remains  positive  for  higher  discount  rates  in  the  small  pattern 
size  (high  cost)  case  than  in  the  others.  Another  quirk  of  timing  of 
the  flews  of  costs  and  revenues. 

TABLE  E.12 

POTENTIAL  AND  REALIZED  SOCIAL  \ALUE  UNDER 
ALTERNATE  PATTERN  SIZE  ASSUMPTIONS 


Potential 

Net 

Social  Value 
($billion) 

Realized 

Net 

Social  Value 
($billion) 

Change  in  Net  Social  Value 
Attributable  to  the  Impact 
of  the  Tax  System 
($bil.lion) 

0.5  x  base 

3.1 

2.9 

0.2 

Base 

7.4 

7.0 

0.4 

2  x  base 

12.4 

12.0 

0.4 
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FIGURE  E.13:  Sensitivity  of  Aggregate  Total  Costs  to  Changes 
in  Assumed  Pattern  Size 
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FIGURE  E.14:  Sensitivity  of  Aggregate  Variable  Costs  (Operating 
Plus  Materials)  to  Changes  in  Individual  Costs 
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FIGURE  E.I5:  Sensitivity  of  Aggregate  Capital  (Fixed)  Costs 
to  Changes  in  Pattern  Size 
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E.2.5  General  Inpact  of  Pattern  Size 
Variation  on  Economic  Results 

The  division  of  the  realized  net  social  value  between  govern¬ 
ments  and  industry  is  presented  in  Table  E.13.  Revenue  shares  remain 
relatively  constant  with  industry  retaining  35  percent  of  the  economic 
rent.  The  value  of  production  after  taxes  (producer's  share)  is 
presented  in  Figure  E.17.  Comparison  with  Figure  E.16  indicates  that 
the  tax  system  appears  to  reduce  the  variation  in  value  associated  with 
different  pattern  size  assumptions. 

Supply  prices  versus  discount  rates  are  plotted  in  Figure  E.18 
for  alternate  pattern  size  assumptions.  The  'high  cost'  assumption 
implies  a  flew  of  costs  per  barrel  which  is  relatively  insensitive  to 
the  discount  rate  in  the  aggregate. 


E.3  Sensitivity  Analysis  on  Recovery 
Factor  Assumptions 


formula 


The  recovery  factor  is  established  for  each  reservoir  by  the 


RF  = 


sorw  "  sort 


orw 


It  is  therefore  unique  to  each  reservoir  and  once  established  we 
multiply  it  by  ultimate  remaining  oil  in  place  to  estimate  incremental 
recovery.  The  sensitivity  analysis  operates  on  RF,  varying  it  by 
0.85,  0.90,  and  1.15.  This  means  that  aggregate  recovery  is  affected 
directly  by  whatever  factor  is  used  but  also  indirectly  in  that,  for 
example,  reducing  RF  in  any  individual  reservoir  may  make  that 
project  unprofitable  so  that  recovery  is  reduced  by  its  entire 
potential  production  not  merely  a  portion  of  it. 

Again,  however,  our  flew  check  carpi icates  the  inpact.  If  we 
increase  RF  by  15  percent  we  may  increase  the  rate  of  production 
implied  by  our  set  of  production  assumptions.  If  the  increase  is 
enough  to  surpass  the  maximum  theoretical  production  rate  as 
established  by  reservoir  parameters,  extra  drilling  would  be  triggered, 
the  increased  costs  of  which  might  make  the  project  unprofitable.  This 
possibility  is  unlikely  to  affect  already  profitable  reservoirs  since 
the  increased  revenue  is  sure  to  outweigh  the  increased  costs . 
However,  sane  marginally  unprofitable  reservoirs  which  might  have  been 
made  profitable  by  the  increased  recovery  could  be  prevented  from  this 
by  the  increased  costs. 

E . 3 . 1  Variation  of  Incremental  Recovery  and  Production 
Rates  With  Individual  Recovery  Fhctors 

Incremental  recovery  factors  were  altered  by  ±15  percent 
(1.15  and  0.85  times  base)  and  one  additional  run  with  than  set  at  -10 
percent  was  also  performed.  The  purpose  of  the  latter  experiment  was 
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FIGURE  E.16 


FIGURE  E. I  7 


VARIATION  OF  REALIZED  SOCIAL  VALUE  FROM  ENHANCED 
RECOVERY  WITH  ASSUMED  DISCOUNT  RATES  UNDER 
ALTERNATE  PATTERN  SIZE  ASSUMPTIONS,  ALL  PROCESSES 


VARIATION  Or  INDUSTRY  AFTER  TAX  NET  RL VlNUt  WITH 
DISCOUNT  RATES  UNDER  ALTERNATE  COST  ASSUMPTIONS. 
ALL  PROCESSES 


FIGURE  E. 18 

VARIATION  OF  SUPPLY  PRICE  WITH  ASSUMED  DISCOUNT  RATE 
FOR  ALTERNATE  PATTERN  SIZE  ASSUMPTIONS,  ALL  PROCESSES 
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to  see  if  we  could  break  through  the  bubble  of  marginal  reservoirs  with 
a  slightly  improved  recovery  assumption.  This  turned  out  to  be  the 
case  as  shown  by  Figures  E.19  and  E.20.  Using  0.85  of  the  recovery 
factor  reduced  ultimate  production  by  1.6  billion  barrels  (67  percent 
of  base  case  recovery).  Using  0.9  of  the  recovery  factor  reduced  it  by 
only  0.7  billion  barrels  (28  percent).  This  provides  further  evidence 
of  the  marginal  nature  of  many  pools  included  in  our  base  case.  The 
downside  potential  is  quite  high  if  any  of  our  assumptions  regarding 
price,  costs,  or  recovery  turn  out  to  be  optimistic. 

The  upside  potential  is  not  nearly  as  high.  In  the  price 
variation  case  we  noted  a  25  percent  increase  in  price  would  increase 
ultimate  production  by  only  0.45  billion  barrels  or  19  percent.  Cost 
reductions  of  25  percent  would  increase  production  by  0.57  billion 
barrels  (24  percent) .  Doubling  the  pattern  size  assumption  also 
reduces  costs  and  increases  recovery  by  0.54  billion  barrels  (22 
percent) .  Only  in  the  case  of  variance  in  the  recovery  factor  does  the 
upside  potential  approach  the  significance  of  the  dcwnside  potential. 
A  15  percent  increase  in  individual  recovery  factors  increases  ultimate 
production  by  0.9  billion  barrels,  38  perent  of  base  case  recovery. 

The  impact  of  the  recovery  assumptions  on  production  rates  is 
illustrated  in  Figure  E.21.  The  chemical  process  shews  the  greatest 
proportional  increase  and  the  smallest  decrease  in  response  to  the  high 
and  lew  assumptions.  The  thermal  processes  shew  a  much  more  symmetri¬ 
cal  response  to  the  changes  whereas  the  miscible  processes  show  a 
greater  response  on  the  dewnside  than  the  upside.  The  overall  results 
are  conditioned  by  the  miscible  process  which  causes  a  larger  reduction 
(65  percent)  in  response  to  reduced  recovery  factors  than  it  does  an 
increase  in  response  to  increased  recovery  factors  (34  percent). 

E . 3 . 2  Process  Shares  and  Recovery 

The  impact  of  varying  the  recovery  factor  on  the  percentage 
share  of  individual  process  groups  is  shown  in  Table  E.14.  A  signifi¬ 
cant  impact  on  process  shares  is  evident  only  in  the  move  from  0.85  to 
0.9  suggesting  that  once  the  marginal  reservoir  bubble  is  brought  on 
stream  shares  are  relatively  insensitive  to  changing  assumptions. 


FIGURE  E . 1 9 

SENSITIVITY  OF  AGGREGATE  INCREMENTAL  RECOVERY  TO  CHANGES 
]N  RECOVERY  FACTORS  CALCULATED  FOR  INDIVIDUAL  RESERVOIRS 
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FIGURE  E . 20 

SENSITIVITY  OF  YEARLY  PRODUCTION  TO  CHANGES 

IN  RECOVERY  FACTORS  CALCULATED  FOR  INDIVIDUAL  RESERVOIRS 
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FIGURE  E . 21 :  Sensitivity  of  Yearly  Production  to  Changes  in 

Recovery  Factors  Calculated  for  Individual  Reservoirs 
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TABLE  E.  14 

PERCENTAGE  SHARES  BY  PROCESS  OF  TOTAL  TERTIARY  PRODUCTION 
FOR  ALTERNATE  RECOVERY  FACTOR  ASSUMPTIONS 


Recovery 

Factor 

Total  Tertiary 
Recovery 
(MMbbl) 

Thermal 

Share 

(%) 

Chemical 

Share 

(%) 

Miscible 

Share 

(%) 

0.85  x  base 

796 

30 

10 

60 

0.90  x  base 

1,725 

15 

6 

79 

Base 

2,407 

17 

5 

78 

1.15  x  base 

3,  321 

16 

8 

76 

E . 3 . 3  The  Impact  of  Alternate  Recovery 
Assumptions  on  Aggregate  Gosts 

Changing  the  recovery  assumption  affects  aggregate  costs 
primarily  by  affecting  the  number  of  reservoirs  that  are  profitable. 
There  is  also  a  potential,  though  minor,  impact  through  the  flow  check. 
However,  the  flew  check  was  not  operative  in  any  more  cases  when 
RF  =  1.15  than  it  was  when  RF  =  1.  Thus  it  had  no  impact,  even  on 
marginal  reservoirs  once  the  high  productivity  assumption  was  imple¬ 
mented.  Moreover,  the  number  of  profitable  reservoirs  with  increased 
recovery  under  base  case  economic  assumptions  increased  by  49. 

The  effect  on  cost  flews  is  presented  in  Figures  E.22  to  E.24. 
Once  again  the  opposite  results  on  chemical  and  miscible  processes  is 
evident  with  thermal  results  being  rather  similar  for  increases  and 
decreases  in  individual  recovery  factors.  The  results  for  all 
processes  follow  those  of  the  miscible  group  quite  closely. 

E.3.4  Social  Value  and  Alternate 
Recovery  Fhctors 

The  direct  impact  of  the  tax  system  on  production  under 
alternate  recovery  assumptions  is  given  in  Table  E.15.  Table  E.16 
shows  the  change  in  the  net  value  of  this  production.  The  billion 
barrels  eliminated  by  the  current  tax  collection  procedure  is  very  high 
cost  oil  with  a  net  social  value  of  about  $300  million.  This  may  be 
compared  with  the  tax  impact  under  high  recovery  which  is  one -twenty 
sixth  in  terms  of  barrels  but  only  one -third  in  terms  of  dollars.  Cnee 
again  the  net  cost  of  the  tax  system  is  highest  in  the  base  case. 
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FIGURE  E.22:  Sensitivity  of  Aggregate  Total  Costs  to  Changes  in 

Recovery  Factors  Calculated  for  Individual  Reservoirs 
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FIGURE  E.23:  Sensitivity  of  Aggregate 
Materials)  to  Changes  in 
Individual  Reservoirs 
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FIGURE  E . 24 :  Sensitivity  of  Aggregate  Capital  (Fixed)  Costs  to 
Changes  in  Recovery  Factors  Calculated  for 
Individual  Reservoirs 
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TABLE  E. 15 

IMPACT  OF  TAX  SYSTEM  ON  RECOVERY  UNDER 
ALTERNATE  RECOVERY  ASSUMPTIONS 


Recovery 

Factor 

Recovery 
(Optimal  Tax  & 
Royalty  Regulations) 
(MMbbl) 

Recovery 
(Current  Tax  & 
Royalty  Regulations) 
(MMbbl) 

Recovery 
Tax  Impact 
(EMbbl) 

1.15  x  base 

3,360 

3,321 

39 

Base 

2,706 

2,407 

299 

0. 85  x  base 

1,821 

796 

1,025 

TABLE  E.  16 

POTENTIAL  AND  REALIZED  SOCIAL  VALUE  UNDER 
ALTERNATE  RECOVERY  ASSUMPTIONS 


Potential 

Net 

Social  Value 
($billion) 

Realized 

Net 

Social  Value 
($billion) 

Change  in  Net  Social  Value 
Attributable  to  the  Irrpact 
of  the  Tax  System 
($billion) 

1.15 

x  base 

11.5 

11.4 

0.1 

Base 

7.4 

7.0 

0.4 

0.85 

x  base 

3.6 

3.3 

0.3 

E.3.5  Revenue  Shares  and  Recovery  Factors 

Revenue  shares  are  divided  similarly  in  all  three  cases  with 
the  industry  share  lying  between  30  and  40  percent.  Since  industry  is 
already  earning  a  real  return  of  8  percent  (15  percent  nominal)  their 
share  of  net  revenue  shewn  in  Table  E.17  is  excess  to  the  minimum 
requirement  to  keep  than  in  the  activity  of  enhanced  oil  recovery. 
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TABLE  E. 17 

DIVISION  OF  REALIZED  NET  SOCIAL  VALUE 
BETWEEN  INDUSTRY  AND  GOVERNMENT 


Recovery 

Factor 

Total  Net 
Revenue 

After  Tax 

Net  Revenue 

%  of 
Total 

Tax  Take 

%  of 
Total 

1 . 15  x  base 

11,435 

4,037 

35 

7,398 

65 

Base 

7,005 

2,450 

35 

4,555 

65 

0.85  x  base 

3,308 

1,336 

40 

1,972 

60 

E.3.6  General  Impact  of  Recovery  Factor 
Variations  on  Economic  Results 

Table  E.18  shews  the  realized  after  tax  results  of  the 
variation  in  recovery  factor.  Ultimate  production,  net  revenue,  and 
taxes  vary  directly  with  the  assumed  recovery  factor  as  would  be 
expected.  It  is  interesting  to  note  that  moving  from  0.85  to  base 
increases  recovery  by  67  percent  but  total  revenue  by  only  52  percent, 
whereas  the  increase  from  base  to  1.15  base  increases  recovery  by  only 
38  percent  but  total  revenue  by  63  percent.  The  high  costs  of 
reservoirs  marginally  profitable  under  base  case  conditions  is  evident. 
The  flew  of  total  revenues,  taxes  and  net  revenues  is  depicted  in 
Figures  E.25,  E.26  and  E.27,  respectively. 

Social  value  and  net  industry  return  also  vary  with  the 
discount  rate  chosen  as  shown  in  Figures  E.28  and  E.29.  Although  not 
readily  apparent  from  these  figures,  the  social  rate  of  return  for  the 
realized  lew  base  and  high  recovery  cases  is  58,  29  and  36  percent, 
respectively,  and  the  corresponding  private  rates  of  return  are  31,  17 
and  21  percent. 

Supply  prices  show  considerable  variation  among  the  different 
cases  as  shown  in  Figure  E.30.  An  interesting  feature  is  that  the  'all 
process 1  supply  price  is  higher  for  all  discount  rates  in  the  base  case 
than  in  the  high  recovery  case.  This  means  the  increase  in  barrels 
produced  is  sufficient  to  offset  the  increased  costs  required  to 
produce  thou,  thus  reducing  overall  supply  price.  This  is  not  surpris¬ 
ing  since  the  increased  recovery  affects  all  reservoirs  whereas  the 
increased  costs  are  due  primarily  to  a  few  incremental  reservoirs  being 
brought  on  stream. 


E.4  Comparative  Analysis  of  Sensitivity  Results 

Section  5 . 1  and  the  preceding  sections  of  Appendix  E  provide  a 
detailed  analysis  of  the  irrpact  of  altering  each  of  our  crucial  param¬ 
eters  on  output.  This  section  will  utilize  the  same  data  to  compare 
the  inpact  of  variations  in  each  of  the  parameters  on  selected  items  of 
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FIGURE  E.26 

SENSITIVITY  Of  TOTAL  TAX  PAYMENTS  TO  ChA'.SES 
IN  RECOVERY  FACTORS  CALCULATED  FOR  INDIVIDUAL  RESLRlOIRS 
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FIGURE  E.  25 


SENSITIVITY  OF  AGGREGATE  TOTAL  REVENUE  TO  CHANGES  1800 

IN  RECOVERY  FACTORS  CALCULATED  FOR  INDIVIDUAL  RESERVOIRS 
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FIGURE  E.27 

SENSITIVITY  OF  INDUSTRY  AGGREGATE  AFTER  TAX  NET  REVENUE 

TO  CHANGES  IN  RECOVERY  FACTORS  CALCULATED  FOR  INDIVIDUAL  RESERVOIRS 
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FIGURE  E . 28 


VARIATION  OF  REALIZED  SOCIAL  VALUE  FROM  ENHANCED 
RECOVERY  WITH  DISCOUNT  RATES  UNDER  ALTERNATE 
ASSUMPTIONS  ON  INDIVIDUAL  RESERVOIR  RECOVERY  FACTORS 


FIGURE  E . 29 

VARIATION  OF  INDUSTRY  AFTER  TAX  NET  REVENUE  WITH 
DISCOUNT  RATES  UNDER  ALTERNATE  ASSUMPTIONS  ON 
INDIVIDUAL  RESERVOIR  RECOVERY  FACTORS,  ALL  PROCESSES 
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FIGURE  E.30: 


Variation  of  Supply  Price  with  Discount  Rates  for 
Assumptions  on  Individual  Reservoir  Recovery  Factors 


IG  20  20  JO  50  50  TO  80  90  100 

DISCOUNT  RATE  (PER  CENT  I 


10  20  30  40  50  60  70  80  00  100 

CI5CUUNT  RATE  (PER  CENT  J 


' 


399 


output,  namely  incremental  recovery,  supply  price,  internal  rate  of 
return,  and  net  revenues. 

E.4.1  The  Response  of  Incremental  Recovery,  Supply  Price,  Internal 
Rate  of  Return,  and  Net  Revenue  to  Parameter  Variations 

Tables  E.19a  and  E.19b  present  the  impact  of  parameter  vari¬ 
ations  on  incranental  recovery.  Direct  variation  in  the  recovery 
factor  itself,  not  surprisingly,  leads  to  the  most  pronounced  variation 
in  aggregate  incremental  recovery.  Alteration  of  the  recovery  factor 
by  ±15  percent  leads  to  a  99  percent  variation  in  incremental 
recovery,  whereas  comparable  impacts  frcm  changes  in  other  factors 
require  a  change  of  ±25  percent  or  more.  This  general  tendency 
holds  for  both  chemical  and  miscible  processes.  Thermal  processes  are 
distinguished  by  a  noticeable  insensitivity  to  pattern  size  variations. 

Looking  at  individual  processes,  Table  E.19a  shows  that  the 
miscible  group  responds  most  strongly  to  unfavourable  changes  in  all 
parameters,  including  the  presence  of  a  significant  amount  of 
marginally  profitable  oil  in  this  group.  The  chemical  group  shows  an 
opposite  trend,  that  is,  it  responds  much  more  strongly  to  favourable 
changes  in  the  parameters.  This  seems  to  indicate  that  the  marginal 
oil  in  this  group  is  not  quite  viable  at  base  case  conditions  but 
rather  modest  changes  wauld  bring  that  oil  on  stream.  The  overall 
results  are  influenced  by  the  miscible  group  such  that  the  potential 
for  significant  shortfall  from  our  base  case  forecast  is  greater  than 
the  potential  for  significant  overshooting  of  that  forecast. 

The  cost  senstivity  results  on  incremental  recovery  (Tables 
E.20a  and  E.20b)  looked  only  at  the  impact  of  a  25  percent  increase  in 
individual  cost  categories.  The  chemical  processes  were  negligibly 
affected  by  such  changes,  thermal  processes  showed  slightly  less 
response  to  capital  cost  increases  than  to  operating  or  materials  costs 
increases  but  again  the  miscible  processes  showed  the  most  notable 
results,  extreme  sensitivity  to  materials  costs  with  only  moderate 
response  to  increases  in  either  capital  or  operating  costs. 

The  variation  in  revenue  (Tables  E.21a  and  E.21b)  with 
parameter  changes  was  generally  more  pronounced  than  the  variation  in 
incremental  recovery.  In  all  but  the  chemical  case,  for  example,  the 
percentage  increase  in  incremental  recovery  due  to  a  favourable  change 
in  any  of  the  four  parameters  is  substantially  less  than  the  percentage 
gain  in  net  social  revenue.  The  direct  impact  of  favourable  changes  on 
revenue  is  much  more  substantial  than  the  indirect  effect  of  such 
changes  on  costs.  In  the  chemical  case,  however,  favourable  changes 
are  invariably  ameliorated  by  the  opposing  unfavourable  changes  on 
costs.  Fbr  example,  a  96  percent  increase  in  recovery  at  the  $25  price 
translates  into  a  66  percent  increase  in  net  social  revenue.  This 
indicates  the  high  cost  nature  of  the  reservoirs  in  the  chemical  group 
that  are  marginal  under  base  case  conditions. 

The  impact  on  supply  prices  of  variations  in  the  various 
parameters  seems  to  be  unambiguous  only  for  changes  in  the  price  of 
oil.  We  would  expect  reductions  in  the  price  of  oil  to  eliminate  high 
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cost  reservoirs  and  thus  reduce  supply  price.  Increases  in  oil  price 
would  be  expected  to  bring  on  high  cost  reservoirs  and  thus  increase 
the  supply  price.  These  expectations  are  borne  out  by  the  results  in 
Tables  E.22a  and  E.22b. 

Variations  in  other  parameters  involve  opposing  effects  that 
preclude  a  prior  expectation  of  their  impact  on  supply  price. 
Increasing  cost,  for  example,  would  eliminate  sane  already  marginal 
(high  cost)  reservoirs  and  thus  could  be  expected  to  lower  calculated 
supply  prices.  Hcwever,  it  would  also  increase  costs  for  all  remaining 
reservoirs  and  these  costs  would  be  allocated  over  a  smaller  number  of 
barrels  which  would  tend  to  increase  supply  prices.  As  shewn  in  Table 
E.23a  and  E.23b,  the  latter  effect  seems  to  dominate  in  the  thermal  and 
chemical  groups  being  considered  here  and  the  former  effect  wins  out  in 
the  miscible  group.  Perhaps  the  most  important  aspect  of  this  analysis 
is  to  point  out  the  rather  limited  usefulness  of  the  concept,  of  the 
supply  price  in  aggregate  analysis. 

That  conclusion  is  equally  applicable  to  the  notion  of  the 
internal  rate  of  return.  There  appear  to  be  no  grounds  for  expecting 
the  overall  rate  of  return  for  various  process  groups  to  change  in  any 
predictable  manner  in  response  to  a  change  in  any  of  our  critical 
parameters.  For  completeness,  we  report  the  variations  in  Table  E.24a 
and  E.24b. 
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TABLE  E. 19a 

SENSITIVITY  RESULTS  CN  INCREMENTAL  RECOVERY 
(RMbbl) 


Sensitivity 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Price 

15 

921 

280 

95 

547 

20  base 

2,407 

407 

115 

1,885 

25 

2,860 

473 

226 

2,161 

100 

3,101 

480 

236 

2,385 

Recovery 

0.85  x  base 

796 

237 

83 

476 

0.90  x  base 

1,725 

260 

101 

1,364 

base 

2,407 

407 

115 

1,885 

1.15  x  base 

3,321 

545 

257 

2,518 

Pattern  Size 

0 . 5  x  base 

821 

410 

62 

349 

base 

2,407 

407 

115 

1,885 

2  x  base 

2,944 

456 

231 

2,257 

Total  Ocst 

0.75  x  base 

2,976 

491 

228 

2,256 

base 

2,407 

407 

115 

1,885 

1 . 25  x  base 

862 

236 

% 

530 

PERCENTAGE 

TABLE 

VARIATION  FRCM  BASE 

E.19b 

CASE  INCREMENTAL  RECOVERY 

Sensitivity 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Price 

15 

-62 

-31 

-31 

-31 

20  base 

— 

-- 

— 

-- 

25 

+19 

+16 

+96 

+15 

100 

+29 

+18 

+105 

+27 

Recovery 

0.85  x  base 

-67 

-42 

-28 

-75 

0.90  x  base 

-28 

-36 

-12 

-28 

base 

— 

— 

— 

-- 

1.15  x  base 

+38 

+34 

+123 

+34 

Pattern  Size 

0.5  x  base 

-66 

+1 

-46 

-81 

base 

— 

-- 

— 

-- 

2  x  base 

+22 

+12 

+101 

+20 

Total  Cost 

0.75  x  base 

-64 

-42 

-17 

-72 

base 

-- 

-- 

1.25  x  base 

+24 

+24 

+50 

+20 
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TABLE  E. 20a 


COST  SENSITIVITY  RESULTS  CM  INCREMENTAL  RECOVERY 

(NMbbl) 


Sensitivity 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Total  Cost 

0.75  x  base 

2,976 

491 

228 

2,256 

base 

2,407 

407 

115 

1,885 

1 . 25  x  base 

862 

236 

96 

530 

Capital  Cost 

base 

2,407 

407 

115 

1,885 

1.25  x  base 

1,962 

310 

114 

1,538 

Operating  Cost 

base 

2,407 

407 

115 

1,885 

1.25  x  base 

1,878 

264 

106 

1,508 

Materials  COst 

base 

2,407 

407 

115 

1,885 

1.25  x  base 

1,047 

264 

110 

673 

TABLE  E. 20b 

PERCENTAGE  VARIATION  FRCM  BASE  CASE 

RECOVERY 

Sensitivity 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Total  Cost 

0.75  x  base 

+24 

+21 

+98 

+20 

base 

— 

— 

— 

— 

1.25  x  base 

-64 

-42 

-17 

-72 

Capital  Cost 

base 

— 

-- 

— 

1.25  x  base 

-18 

-23 

-1 

-18 

Operating  Cost 

base 

— 

— 

1.25  x  base 

-22 

-35 

-8 

1 

to 

O 

Materials  Oost 

base 

— 

— 

— 

— 

1.25  x  base 

-57 

-35 

-4 

-64 
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TABLE  E. 21a 

SENSITIVITY  RESULTS  ON  DISCOUNTED  NET  SOCIAL  REVENUE 

( $MM) 


Sensitivity 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Price 

15 

2,989 

1,227 

417 

1,345 

20  base 

7,005 

2,191 

677 

4,137 

25 

12,327 

3,303 

1,126 

7,897 

100 

Recovery 

0.85  x  base 

3,  308 

1,351 

515 

1,436 

0.90  x  base 

4,374 

1,000 

568 

2,257 

base 

7,005 

2,191 

677 

4,137 

1.15  x  base 

11,435 

3,281 

904 

7,242 

Pattern  Size 

0 . 5  x  base 

2,856 

1,648 

363 

845 

base 

7,005 

2,191 

677 

4,137 

2  x  base 

12,098 

2,780 

1,527 

7,785 

Total  Cost 

0.75  x  base 

13,027 

3,739 

1,016 

8,272 

base 

7,005 

2,191 

677 

4,137 

1 . 25  x  base 

3,335 

1,284 

584 

1,467 

PERCENTAGE 

TABLE  E.  21b 

VARIATION  FROM  BASE  CASE  NET 

SOCIAL  REVENUE 

Sensitivity 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Price 


15 

-57 

-44 

-38 

-67 

20  base 

— 

— 

— 

— 

25 

+76 

+51 

+66 

+91 

100 

Recovery 

0.85  x  base 

-52 

-38 

-24 

-65 

0.90  x  base 

-38 

-29 

-16 

-45 

base 

— 

— 

— 

— 

1.15  x  base 

+63 

+50 

+34 

+45 

Pattern  Size 

0.5  x  base 

-59 

-25 

-46 

-79 

base 

— 

— 

— 

— 

2  x  base 

+73 

+27 

+126 

+88 

Total  Cost 

0.75  x  base 

+86 

+71 

+50 

100 

base 

— 

— 

— 

— 

1 . 25  x  base 

-52 

-41 

-14 

-65 
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TABLE  E.22a 

SENSITIVITY  RESULTS  ON  SUPPLY  PRICE 

(?) 


Sensitivity- 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Price 

15 

8.60 

7.80 

6.10 

9.60 

20  base 

13.90 

10.50 

7.90 

15.20 

25 

16.10 

13.00 

15.10 

17.10 

100 

38.10 

38.40 

27.60 

39.10 

Recovery 

0.85  x  base 

11.70 

10.50 

7.70 

13.30 

0.90  x  base 

14.80 

10.10 

8.30 

16.40 

base 

13.90 

10.50 

7.90 

15.20 

1.15  x  base 

12.80 

10.00 

11.70 

13.70 

Pattern  Size 

0. 5  x  base 

13.00 

12.60 

8.20 

14.40 

base 

13.90 

10.50 

7.90 

15.20 

2  x  base 

11.50 

9.30 

7.30 

12.50 

Total  Cost 

0.75  x  base 

11.00 

7.58 

11.10 

12.00 

base 

13.90 

10.50 

7.90 

15.20 

1.25  x  base 

12.30 

10.90 

8.00 

13.90 

PERCENTAGE 

TABLE 

\ARJATI0N  FRO' 

E.  22b 

I  EASE  CASE 

SUPPLY  PRICE 

Sensitivity 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Price 

15 

-38 

-26 

-22 

-37 

20  base 

— 

— 

— 

— 

25 

+16 

+24 

+91 

+13 

100 

+174 

+266 

+249 

+157 

Recovery 

0.85  x  base 

-16 

0 

-3 

-13 

0.90  x  base 

+6 

-4 

+5 

+8 

base 

— 

— 

— 

— 

1.15  x  base 

-8 

0 

+48 

-10 

Pattern  Size 

0 . 5  x  base 

-6 

+20 

+4 

-5 

base 

— 

— 

— 

— 

2  x  base 

-17 

-11 

-8 

-18 

Total  Cbst 

0.75  x  base 

-21 

-26 

+41 

-21 

base 

— 

— 

— 

— 

1 . 25  x  base 

-12 

+4 

+1 

-9 
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TABLE  E.  23a 


COST  SENSITIVITY  RESULTS  ON  SUPPLY  PRICE 

(?) 


Sensitivity 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Total  Cost 

0.25  x  base 

11.00 

7.58 

11.10 

12.00 

base 

13.90 

10.50 

7.90 

15.20 

1 . 25  x  base 

12.30 

10.90 

8.00 

13.90 

Capital  Cost 

base 

13.90 

10.50 

7.90 

15.20 

1.25  x  base 

13.80 

10.00 

8.30 

15.30 

Operating  Qost 

base 

13.90 

10.50 

7.90 

15.20 

1.25  x  base 

14.40 

9.40 

7.80 

16.00 

Materials  Oost 

base 

13.90 

10.50 

7.90 

15.20 

1.25  x  base 

12.10 

10.20 

7.90 

13.90 

PERCENTAGE 

TABLE 

VARIATION  FRCM 

E.  23b 

1  ff^SE  CASE 

SUPPLY  PRICE 

Sensitivity 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Total  Oost 

0.25  x  base 

-21 

-28 

+41 

-21 

base 

— 

— 

— 

— 

1.25  x  base 

-12 

+4 

+1 

-9 

Capital  Cost 

base 

— 

— 

— 

— 

1.25  x  base 

-1 

-5 

+5 

+1 

Operating  Cost 

base 

— 

— 

— 

— 

1.25  x  base 

+4 

-10 

-1 

+5 

Materials  Cost 

base 

— 

— 

— 

— 

1.25  x  base 

-13 

-3 

0 

-9 
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TABLE  E. 24a 

SENSITIVITY  RESULTS  CM  INTERISAL  RATE  OF  RETURN 

(%) 


Sensitivity 

Case 

All 

Processes 

Thermal 

Chemical 

Miscible 

Price 

15 

31 

76 

34 

20 

20  base 

17 

131 

37 

13 

25 

20 

232 

18 

17 

100 

56 

53 

42 

Recovery 

0.85  x  base 

31 

85 

36 

19 

0.90  x  base 

15 

98 

37 

12 

base 

17 

131 

37 

13 

1.15  x  base 

21 

231 

22 

16 

Pattern  Size 

0.5  x  base 

27 

88 

34 

14 

base 

17 

131 

37 

13 

2  x  base 

25 

225 

44 

20 

Total  Qost 

0.75  x  base 

27 

664 

21 

21 

base 

17 

131 

37 

13 

1 . 25  x  base 

27 

69 

34 

17 

TABLE 

E.  24b 

PERCENTAGE 

VARIATION  FROM 

BASE  CASE 

FATE  OF  RETURN 

Sensitivity 

All 

Case 

Processes 

Thermal 

Chemical  Miscible 

Price 


15 

+82 

-42 

-8 

+54 

20  base 

— 

— 

— 

— 

25 

+18 

+77 

-51 

+31 

100 

+229 

+43 

+223 

Recovery 

0.85  x  base 

+82 

-35 

-3 

+46 

0.90  x  base 

-12 

-25 

0 

-8 

base 

— 

— 

— 

— 

1.15  x  base 

+24 

+76 

-41 

+23 

Pattern  Size 

0 .  5  x  base 

+59 

-33 

-8 

+8 

base 

— 

— 

— 

— 

2  x  base 

+47 

+72 

+19 

+54 

Total  Cost 

0.75  x  base 

+59 

+407 

-43 

+62 

base 

— 

— 

— 

— 

1 . 25  x  base 

+59 

-47 

-8 

+31 

407 


Footnotes 

^The  recovery  case  differs  from  the  others  in  that  it  is  not 
physically  possible  for  other  cases  to  exceed  the  technical  limit  on 
production  established  at  the  screening  stage.  Nonetheless,  the  point 
being  made  here  is  valid  since  this  limit  was  never  reached  in  any  of 
the  'optimistic'  cases;  it  was  essentially  a  non -binding  constraint. 
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APPENDIX  F 

LIST  OF  RESERVOIRS  THAT  MAY  BE  TECHNICALLY  AND  ECONOMICALLY 
AMENABLE  TO  EMiANCED  OIL  RECOVERY 

F . 1  Technical  Candidates 

This  section  lists  reservoirs  that  qualify  as  technical  possi¬ 
bilities  for  enhanced  recovery  operations  in  that  they  successfully 
carpi eted  the  PRI  screening  procedure.  They  are  listed  by  process  and, 
since  sane  reservoirs  qualify  for  more  than  one  process  (i.e.,  steam 
drive  and  in  situ  combustion) ,  there  is  considerable  duplication  of 
reservoirs  listed.  Section  F.2  eliminates  this  duplication  by  applying 
econanic  criteria  to  the  list  of  technical  possibilities. 


410 


Reservoirs  Successfully  Completing  the  PRI  Screening 
Procedures  for  Steam  Cycle 


0100 

b  oo  o 

upper 

mannvi t l e  b 

04  4  0 

hiyter 

d  i  na  b 

0602 

l  loyduinstf r 

sparky 

r 

0606 

l  loydnunster 

SO  a  r  k  y 

V 

061  0 

l  l Oy  dm  i  ns  t  e  r 

S  p  a  r  k  y 

gene  r a l 

Reservoirs  Successfully  Completing  the  PRI  Screening 
Procedures  for  Steam  Drive 


01  00 
0440 


D  0  00 
h  a  y  t  e  r 


upper  minnvilte  b 
dim  b 


/oi  r 

Jure 

0031 

0032 

00  3  S 

oo  n 

0072 

0073 

0097 

0102 

0107 

0U9 

0156 

01  66 

0168 

0170 

0173 

01  76 

0209 

02  20 

02  5  3 

0397 

0398 

0399 

0400 

0401 

0404 

0406 

0407 

04  1  0 

04  30 

04  32 

04  3  3 

04  39 

04  81 

0482 

04  83 

0484 

0590 

0591 

0593 

05  95 

0599 

0600 

0601 

0602 

0603 

0605 

0606 

0607 

0609 

0610 

0614 

0616 

0815 

08  1  6 

0966 

0967 

1076 

1079 

1114 

1247 

1248 

1274 

1275 

1  309 

13  10 
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Successfully  Completing  the  PRI  Screening 
for  In  Situ  Combustion 


Jlderson 

lower  mannvi 

l  le 

f 

a  Iderson 

lower  mannvi 

l  l  e 

g 

a  l  de  r  son 

lower  mannv  i 

l  le 

j 

b  a  n  t  r  y 

m  a  nn  v i l l e  j 

b  a  n  t  r  y 

ma  nnv  i  l  l  e  m 

bantry 

nannvi  lie  o 

black  butte 

ma  nn  v i l l e  b 

bodo 

uppe  r  mannv  i 

t  l  e 

d 

bonny v i l l e 

colony  b 

c  e  s  s  <  o  r  d 

mannville  « 

chauvin 

mannv  i  l  l  e  a 

total 

chauvin  south 

sparky  h 

chauvin  south 

sparky  m 

chauvin  south 

sparky  a  b  total 

chauvin  south 

l loydminster 

a 

chauvin  south 

lloydminster 

e 

countess 

upper  mannvi 

t  l  e 

d 

c  oun  t  e  s  s 

uppe  r  mannvi 

l  l  e 

P 

d  a  v  i  d 

lloydminster 

b 

grand  forks 

upper  mannvi 

l  l  e 

b 

grand  forks 

lower  mannvi 

l  l  e 

a 

grand  forks 

lower  mannvi 

l  l  e 

b 

grand  forks 

l Owe  r  mannvi 

t  l  e 

c 

grand  forks 

lower  mannvi 

l  le 

d 

grand  forks 

lower  mannvi 

l  le 

h 

grand  forks 

lower  mannvi 

l  le 

j 

grand  forks 

lower  mannvi 

l  l  e 

k 

grand  forks 

lower  mannvi 

l  l  e 

n 

hays 

lower  mannvi 

l  l  e 

a 

hays 

lower  mannvi 

l  le 

c 

hays 

lower  mannvi 

l  l  e 

d 

h  a  y  t  e  r 

d  i  n  a  a 

jeriner 

uppe  r  mannvi 

t  le 

h 

j  enne  r 

upper  mannvi 

l  le 

m 

j  enne  r 

upper  mannvi 

l  l  e 

0 

j  enne  r 

lower  mannvi 

t  l  e 

a 

l loydminster 

sparky  f 

l loydminster 

sparky  g 

l loydminster 

sparky  i 

l  loydminster 

Sparky  k 

l loydminster 

sparky  o 

l loydminster 

sparky  p 

l  loydminster 

sparky  q 

l loydminster 

s  p  a  r  k  y  r 

l loydminster 

Sparky  S 

l loydminster 

sparky  u 

l  loydminster 

sparky  v 

l loydminster 

spa  r  k  y  w 

l  loydminster 

sparky  c  gene  r 

a  l 

l loydminster 

sparky  general 

l loydminster 

sparky  d  general 

l loydminster 

lloydminster 

a 

provost 

mannville  h 

provost 

mannville  l 

r  on  a l a  n  e 

lower  mannvi 

l  le 

a 

r  on  a l a  n  e 

tower  mannvi 

l  le 

b 

taber  south 

mannville  b 

total 

l iber  south 

mannville  c 

viking  kinsella 

wainwright  b 

wainwright 

l loydminster 

a 

Warwick 

uppe  r  mannv  i 

l  l  e 

) 

w l  l dm  e  r  e 

l loydminster 

a 

w i l dm  e  r  e 

l loydminster 

b 

w  r  en  t  h  a  m 

lower  mannvi 

l  le 

b 

wrentha* 

lower  mannvi 

l  le 

c 

total 


water  flood 


petroleum  a 
petroleum  c  o 
petroleum  b 


water 


total 


flood 


^oi ) 

dure 

0005 

0007 

0016 

0017 

0016 

0019 

0020 

0021 

002  7 

0052 

0068 

0069 

0072 

0075 

0088 

0092 

0097 

0105 

0107 

0109 

0115 

01  1  5 

0116 

01  22 

0125 

0126 

0128 

0146 

0149 

0150 

0151 

0159 

0168 

0169 

01  75 

0209 

0216 

021  7 

0218 

02  20 

02  21 

02  22 

0224 

02  25 

02  2  7 

0259 

0240 

0245 

024  7 

02  5  2 

0256 

02  5  ? 

025  8 

02  5  9 

02  69 

02  78 

0280 

05  56 

0  54  5 

0544 

055  5 

0560 

0  56  5 

0566 

0580 

059  7 

0401 

0405 

0407 

0410 

0418 

042  ? 

04  5  1 

04  52 

04  55 

04  54 
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Successfully  Completing  the  PRI 
for  Polymer 


a  c  he  son 

bl a i r»ore  g 

a  c  h  e  s  o  n 

b  l  a i rmo  re  j 

a  de  n 

bow  island  b 

aerial 

mannville  gas  flood 

a l de  r  s  on 

upper  mannv  i  t  l  e 

a 

a  l  d  e  r  s  o  n 

uppe  r  mannv  i  l  l  e 

b 

a l o  e  r  s  on 
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lower  aannville 

a 

1296 

wintering  hills 

lower  aannville 

e 

02  2  3 

countess 

lower  aannville 

c 

0404 

grand  forks 

lower  aannville 

h 

04  1  1 

grand  forks 

lower  aannville 

0 

05  85 

little  b  o  w 

upper  mannvilte 

9 

0  784 

peel i n  a 

keystone  belly 

river 

0303 

plain 

colony  e 

0509 

princess 

basal  aannville 

r 

1005 

ilaiuore 

lower  aannville 

a  b 

1  066 

taber 

aannv  i  l  t  e  c 

1067 

taber 

aannville  d  tot 

al 

1072 

t  abe  r 

aannville  g 

1075 

taber  south 

aannv i  l  l  e  a 

wa  t  e  r 

1076 

t  abe  r  south 

aannvi lie  b  total 

1079 

t  abe  r  south 

aannville  c 

1  080 

taber  south-east 

aannville  a 

1103 

turm 

lower  aannvi  l  t  e 

l 

1  104 

t  ur  i  n 

lower  aannville 

n 

1  308 

wrentka* 

lower  aannville 

a 

1  309 

wrenlhaa 

lower  aannville 

b 

water 

1310 

w  r  en  t  h  a  a 

lower  aannville 
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0041 

a  l  i  « 

d-2 

0049 

a  *be  r 

keg  river  f 

0079 

bashaw 

d-  3  a 

0080 

bashaw 

d-3  b 

0090 

b i go  r  a  y 

primary  area 

0091 

b i go  r  a  y 

water  flood  area 

0095 

black 

keg  river  a 

water 

flood 

0096 

black 

keg  river  b 

01  18 

buffalo  lake 

d-3 

0119 

buffalo  lake 

d-3  b 

0131 

carol i ne 

e  t  k  t  on  b 

01  32 

c  a  r  o l i ne 

e l k  t  on  c 

013  7 

carson  creek  north 

primary  area 

01  3  8 

carson  creek  north 

water  f  l  ood  area 

0140 

carson  creek  north 

primary  area 

0141 

carson  creek  north 

water  flood  area 

0142 

carstaus 

e l k  t  on  b 

0184 

c  h i gw  e  l  l 

d-2  b 

0185 

C  h i gw  e  l  l 

d-2  c 

0186 

c  hi  gwe  l  l 

d-2  d 

0192 

c  laresholm 

rund  l  e  a 

019  3 

dareshol* 

rund  l  e  b 

0194 

c  l  a  r  e  s  h  o  l  m 

run d  l  e  c 

0201 

clive 

d-2  c 

0203 

clive 

primary  area 

02  35 

c  r  o  s  s  f  i  e  l  d 

rund  l  e  c 

02  36 

crossfield 

rund  l  e  e 

0237 

c  ro  s  s  f  t  e  l  d 

rund  l  e  g 

024  1 

crossfield  east 

e  l  k  t  on  a 

0243 

crossfield  east 

e  l  k  t  on  d 

02  5  1 

d  a  v  e  y 

d-2  b 

0281 

e  r  s  k  i  n  e 

d-2 

0283 

e  t  he  l 

beaverhill  lake  a 

0295 

fairydell-bon  accord 

Q. 

1 

C* 

•> 

0298 

f  enn-b i g  valley 

big  valley  d-3  b 

0299 

fenn-big  valley 

fenn  d-3  c 

0301 

fenn-big  valley 

f  enn  d-3  f 

0322 

f  e  r  r  i  e  r 

S  h  und  a  a 

032  7 

freeman 

primary  area 

0328 

freeman 

water  flood  area 

0370 

9  i  Iby 

rundle  e 

03  72 

g  i  l  b  y 

rund l e  k 

03  73 

9  i  l  by 

rundle  t 

0390 

golden 

slave  poi nt  a 

0391 

goose  river 

d-2  a 

0393 

goose  river 

primary  area 

0394 

goosa  river 

water  flood  area 

0395 

goose  river 

beaverhill  lake  b 

04  1  3 

greencourt 

p  e  k  i  s  k  o  a 

04  1  4 

greencourt 

pe  k i s  k  o  c 

04  2  1 

haraal t  an  east 

water  flood  area 

04  23 

harmattan-elkton 

rund  l  e  b 

04  25 

harmat  tan-elkton 

primary  area 

04  26 

harmattan-elkton 

water  flood  area 

04  29 

h  a  yne  s 

d-3  a 

04  4  2 

homeglen-rimbey 

d-3 

0503 

j  udy  creek 

beaverhill  lake  a 

wa  t  e  r 

flood 

0504 

judy  creek 

beaverhill  lake  b 

water 

flood 

0505 

judy  creek  south 

beaverhi l t  take 

wa  t  e  r 

flood 

0507 

judy  creek  south 

beaverhill  lake  c 

0510 

k  a  y  bo  b 

beaverhill  take  a 

wa  t  e  r 

flood 

05  11 

k  a y  bo  b 

beaverhill  lake  b 

05  26 

l ana  w  a  y 

d-3  a 

05  28 

l  a  rne 

keg  river  a 

05  29 

l  a  rne 

keg  river  b 

05  30 

l  a  r  n  e 

keg  river  c 

0531 

l  a  rne 

keg  river  d 

0532 

l  a  r  ne 

keg  river  e 

0534 

l  a  rne 

keg  river  g 

05  36 

l  a  rne 

keg  river  i 

0537 

l  a  r  ne 

keg  river  j 

0  538 

l  a  r  n  e 

keg  river  k 

05  39 

l  a  rne 

keg  river  l 

05  40 

t  a  rne 

keg  river  « 

054  2 

l  a  r  ne 

keg  river  0 

054  3 

l  a  r  ne 

keg  river  p 
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059  9 

Urnf 

keg  river  q 

0619 

lone  pine  creek 

d-  J  a 

0620 

l  oon 

slave  point  a 

w  a  t  e  r 

flood 

0629 

m  a  )  e  a  u  lake 

banll  b 

062? 

m  a  l  mo 

d-  3  a 

0628 

•  a  Uo 

d  -  3  c 

0690 

oauivin 

p  e  k  i  s  k  o  a 

069  1 

nalnmo 

p  e  k  i  s  k  o  b 

067? 

medicine  river 

elkton  -  shunda  a 

0679 

medicine  river 

elkton-shunda  c 

0680 

medicine  river 

Shunda  a 

0681 

medicine  river 

pe  k i s  k  o  b 

to  a  t  e  r 

flood 

0682 

medicine  river 

p  e  k  1  s  k  o  c 

06  8  3 

medicine  river 

oe  k  i  sko  d 

0685 

medicine  river 

primary  area 

0686 

medicine  river 

water  flood  area 

0687 

medicine  river 

p  e  k  i  s  k  o  f 

0690 

medicine  river 

p  e  k  i  s  k  o  i 

0692 

medicine  river 

pe  k  i  s  ko  r 

0693 

medicine  river 

pe  k i s  k  o  s 

0699 

m  e  e  k  v  a  p 

d-  2  a  water  flood 

0695 

m  i  k  u  a  n 

d-  2  a 

06  9  6 

m  i  k  w  a  n 

d-  5  a 

0713 

n  e  v  i  s 

d-  3  b 

0719 

n  e  v  i  s 

d  -  3  c 

0715 

n  e  v  i  s 

o-  3  d 

07  16 

n  e  v  i  $ 

d-  J  e 

0717 

n  e  v  i  s 

d-3  f 

07  32 

normandvi  lie 

•ississippian  b 

07  39 

open  creek 

b  a  n  f  f  a 

079  3 

paddle  river 

d- 2  a 

0796 

pembina 

p  e  k  i  s  k  o  a 

0801 

oenhol d 

d-  J  a 

0809 

pouce  coupe  south 

boundary  a 

0810 

princess 

pe  k i s  k  o  a 

0896 

r  a i nbow 

keg  river  w 

08  5  5 

r  a  i  nb  o  w 

keg  river  hh 

0861 

r  a i n  bo  u 

keg  river  nn 

08  87 

rainbow 

keg  river  qqq 

0892 

rainbow  south 

Sulphur  point  b 

0893 

rainbow  south 

muskeg  a 

0e95 

rainbow  south 

•uskeg  d 

0896 

rainbow  south 

keg  river  a 

water 

flood 

0900 

rainbow  south 

keg  river  e 

water 

flood 

0901 

rainbow  south 

keg  river  f 

0902 

rainbow  south 

keg  river  g 

water 

flood 

0909 

rainbow  south 

keg  river  i 

0905 

rainbow  south 

keg  river  j 

090? 

rainbow  south 

keg  river  l 

0908 

rainbow  south 

keg  river  m 

091  7 

red  coulee 

r  u  n  d  l  e  a 

09  1  8 

r  e  a  g  a  n 

r  u  n  d  l  e  a 

09  20 

red  earth 

primary  area 

0921 

red  earth 

water  flood  area 

0922 

red  earth 

stave  point  b 

0923 

red  earth 

slave  point  c 

0929 

red  e  a  r  t  h 

slave  point  d 

0925 

red  e  a  r  t  h 

slave  point  e 

09  77 

s  en  e  i 

keg  river  a 

0978 

s  h  e  k  i  l  i  e 

muskeg  a 

0980 

s  h  e  k  l  l  i  e 

keg  river  b 

0982 

s  h  e  k  i  l  i  e 

keg  river  d 

098  3 

s  h  e  k  i  l  l  e 

keg  river  e 

0989 

s  h  e  k i  lie 

keg  river  f 

0985 

s  h  e  k  i  l  i  e 

keg  river  g 

0989 

snipe  lake 

beaverhill  lake 

water 

f  l  o  o  d 

0990 

sousa 

sulphur  point  a 

1008 

s  t  e  t  t  l  e  r 

d-3  a 

1009 

s  t  e  t  t  l  e  r 

d-  3  b 

1010 

stettler  south 

d-2 

1011 

stettler  south 

o-3 

1015 

sturgeon  lake  south 

d-2  a 

1017 

sturgeon  lake  south 

o-3  b 

1019 

s  und  r  e 

primary  area 

1020 

s  und  r  e 

water  flood  area 

1022 

s  und  r  e 

orimary  area 

1023 

s  und  r  e 

water  flood  area 

1026 

s  w  a  l  w  e  l  l 

d-2  a 

1027 

s  w  a  l  w  e  l  l 

d-2  b 
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1029 

swan  hills 

primary  area 

1030 

swan  hills 

water  flood  area 

103? 

swan  hills 

primary  area 

1033 

swan  hills 

water  flood  area 

1035 

Swan  hills  south 

primary  area 

1036 

Swan  hills  south 

solvent  flood 

1037 

swan  hills  south 

water  flood  area 

1053 

sylvan  lake 

e l k t  on  b 

1059 

sylvan  lake 

e l k  t  on  c 

1055 

sylvan  lake 

e l k  ton  e 

1056 

sylvan  lake 

e l k  t  on  f 

1  058 

sylvan  lake 

pe  k  i  s  k  o  b 

1059 

sylvan  lake 

pe  k i s  k  0  C 

1061 

sylvan  lake 

p  e  k  i  s  k  o  e 

1063 

sylvan  lake 

pe  k i s  ko  » 

1069 

sylvan  lake 

<T» 

• 

"O 

1085 

t  e  h  z  e 

muskeg  b 

1  086 

tehee 

muskeg  c 

1  087 

tehee 

keg  river  a 

1093 

turner  valley 

rundle  water  flood 

1  1  0? 

t  u  r  i  n 

lower  mannville  k 

1  1  06 

twining  north 

rundle 

1117 

virg)nia  hills 

primary  area 

1118 

Virginia  hills 

water  flood  area 

1  1  2  9 

virgo 

muskeg  g 

1  125 

virgo 

muskeg  h 

1131 

virgo 

keg  river  a 

1  1  33 

virgo 

keg  river  t 

1  1  36 

virgo 

keg  river  f 

1  1  38 

v  i  rgo 

keg  river  h 

1192 

virgo 

keg  river  l 

1198 

virgo 

keg  river  r 

1165 

virgo 

keg  river  i i 

1167 

virgo 

keg  river  kk 

1203 

virgo 

keg  river  uuu 

1211 

virgo 

keg  river  c2c 

1237 

virgo 

keg  river  c  3  c 

1238 

virgo 

keg  river  d3c 

1290 

virgo 

keg  river  f  3  f 

1291 

virgo 

keg  river  g3g 

129? 

virgo 

keg  river  h  3  n. 

1295 

w  a  i  n  w  r  l  g  h  t 

primary  area 

1  296 

w  a  i  n  w  r  i  g  h  t 

water  flood  area 

1265 

west  drumheller 

d-3  a 

1266 

wf sterose 

d-3 

12  69 

westward  ho 

primary  area 

1270 

westward  ho 

water  flood  area 

1290 

w  i  m  b  o  r  n  e 

d-3  a 

1  302 

wood  river 

d-  2  a 

1  309 

wood  river 

d-  2  c 

1  305 

wood  river 

d-3  a 

1321 

e  a  m  a 

muskeg  b 

1339 

z  a  m  a 

muskeg  t 

1335 

e  a  m  a 

muskeg  u 

1336 

z  a  m  a 

muskeg  v 

1390 

e  a  in  a 

muskeg  aa 

1  392 

z  ama 

muskeg  dd 

1  399 

z  a  m  a 

muskeg  gg 

1397 

e  a  m  a 

muskeg  kk 

135? 

z  a  m  a 

keg  river  a 

1367 

e  am  a 

keg  river  r 

1373 

e  a  m  a 

keg  river  > 

1379 

z  a  m  a 

keg  river  do 

1  387 

e  ama 

keq  river  l  l 

1901 

Z  am  a 

keg  river  n 

1905 

z  a ma 

keg  river  dda 

19  10 

e  ama 

keg  river  i  l  i 

19  16 

z  ama 

keg  river  ooo 

1923 

z  ama 

keg  river  www 

1925 

z  ama 

keg  river  yyy 

1926 

z  ama 

keg  river  t;t 

1930 

zana 

keg  river  e?e 

1938 

z  ama 

keg  river  m2* 

1993 

zana 

keg  river  r?r 

19  9  5 

Z  a  m  a 

keg  river  t2t 

1996 

zana 

keg  river  u?u 

1951 

z  ama 

keg  river  r  2  i 

19  59 

zana 

keg  river  c3c 

1956 

z  a  ma 

keg  river  f  3  f 

flood 


flood 
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145? 

lama 

keg 

river 

9  3g 

H69 

z  ana 

keg 

river 

s  3  s 

U  8  4 

2  a  m  a 

keg 

river 

h  4  h 

U85 

2  ama 

keg 

river 

1  4  i 

U  86 

2  a  ma 

keg 

river 

j*i 

H8? 

2  ana 

k  e  9 

river 

k  4k 

14  90 

2  ana 

keg 

river 

n  4  n 

1491 

2  am  a 

keg 

river 

04  0 

1492 

2  a  ma 

keg 

river 

O  4  p 

1  49J 

2  am  a 

keg 

river 

Q  4  Q 

1  4  94 

2  ama 

keg 

river 

r  4  r 

1495 

2  a  m  a 

keg 

river 

s  9  s 

1499 

2  ama 

keg 

river 

u  4  » 

15  08 

2  ama 

keg 

river 

a  5  a 

1505 

z  a  m  a 

keg 

river 

c  5  c 

003? 

a  l  e  *  a  n  d  e  r 

wabamun  b 

0293 

f  a i r yde  l  l  -bon 

accord 

d-  2 

a 

0294 

f  a  i  r  y de  l  l  -bon 

accord 

d-2 

b 

04  1  5 

greencourt 

pek i sko  d 

1206 

virgo 

keg 

river 

>  >  i 

1210 

virgo 

keg 

river 

b  2b 

1315 

youngs  t  own 

arcs 

1322 

2  a  m  a 

iti  u  s  k  e  g  c 

1  348 

z  a  ma 

muskeg  l  l 

135? 

2  a  m  a 

keg 

river 

9 

1  369 

2  a  ma 

keg 

river 

t 

1380 

2  ama 

keg 

river 

e  e 

14  11 

2  a  m  a 

keg 

river 

i )  i 

1481 

2  a  ma 

keg 

river 

e  4  e 
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0018 

a l de  r  son 

uppe  r  mannville 

* 

00  20 

a  l  de  r  s  on 

upper  mannville 

c 

0021 

a l de  r  s  on 

uppe  r  mannv i  l  l  e 

d 

0022 

a  l  d  e  r  s  o  n 

upper  mannville 

e 

0026 

a  1 de  r  son 

lower  mannville 

a 

0027 

a l de  r  s  on 

lower  mannville 

b 

0028 

a l d  e  r  s  on 

lower  mannville 

c 

0029 

a  Iderson 

lower  mannville 

d 

0030 

a l d  e  r  s  on 

lower  mannville 

e 

0031 

a loerson 

lower  mannville 

f 

0032 

a Iderson 

lower  mannville 

9 

0035 

a  1 de  r  s  on 

lower  mannville 

j 

0038 

a  l  e  «  i  s 

ostracod  a 

0068 

b  a  n  t  r  y 

mannville  g 

0069 

D  a  n  t  r  y 

mannville  h 

0071 

bant  r  y 

mannville  j 

0072 

b  a  n  t  r  / 

mannville  m 

0073 

bantry 

mannville  o 

0086 

bellsMll  lake 

viking  a 

0088 

berry 

lower  mannville 

a 

0092 

b i go  r  ay 

ostracod  b 

0097 

black  butte 

mannville  b 

0101 

b  oao 

upoer  mannville 

c 

0103 

bon n  i  e  glen 

c  a  r  d  i  urn  a 

0108 

boundary  lake  south 

t  r  i  a  s  s  i  c  b 

0109 

boundary  lake  south 

t  r  i  a  s  s  i  c  c 

water  flood 

01  1  3 

boundary  lake  south 

t  r  i  a  s  s  i  c  f 

0116 

brateau  river 

viking  b 

01  26 

carol i ne 

c  a  rd i urn  a 

0128 

Caroline 

c  a  r  d  i  u  m  c 

0143 

cesslord 

basal  Colorado  a 

0146 

c  e  s  s l or  d 

mannville  d 

0148 

cesslord 

mannville  i 

0149 

cesslord 

mannville  « 

0150 

cesslord 

mannville  y 

0151 

cesslord 

mannville  z 

0153 

cesslord 

mannville  1  1 

0156 

c  h  a  u  v  i  n 

mannville  a  total 

0159 

c  h  a  u  v  l  n 

mannville  b 

0162 

chauvin  south 

sparky  e  total 

0165 

chauvin  south 

sparky  f 

0166 

chauvin  south 

s  p  a  r  k  y  h 

0167 

chauvin  south 

sparky  i 

0169 

chauvin  south 

sparky  n 

01  70 

chauvin  south 

sparky  a  b  total 

01  79 

C  h  e  r  h  i  l  l 

b  a  n  i  f  b 

01  82 

chigvel  l 

mannville  c 

0188 

chin  coulee 

basal  mannville 

a 

total 

0205 

Conrad 

e  l  l  i  s 

0209 

countess 

upper  mannville 

d 

total 

0212 

countess 

upper  mannville 

f 

total 

0216 

countess 

upper  mannville 

j 

0217 

countess 

upoe  r  mannville 

l 

0218 

countess 

uppe  r  mannville 

m 

02  2  1 

countess 

lower  mannville 

a 

0222 

c  ount  ess 

lower  mannville 

b 

02  24 

countess 

basal  quart!  b 

02  2  5 

c  out  t  s 

»oul ton  a 

water  flood 

0227 

COUt  t  s 

mou l  t  on  c 

0228 

c  r  o  s  s  l  i  e  l  d 

cardium  a  total 

02  32 

c  r  o  s  s  l  i  e  l  d 

jumping  pound  a 

02  39 

cross  1  le id  east 

cardium  c 

0240 

crosslield  east 

cardium  d 

0  2  4  7 

C  y  n  -  p  e  m 

cardium  b 

02  52 

d  a  v  i  d 

lloydminster  a 

02  5  3 

d  a  v  i  d 

lloydminster  b 

02  69 

e  d  s  on 

cardium  a 

02  76 

e  l  l  e  r  s  l  i  e 

blairmore  a 

02  78 

enchant 

upper  mannville 

b 

02  79 

enchant 

upper  mannville 

d 

0280 

e  n  c  h  a  n  t 

lower  mannville 

b 

0305 

lerrier 

cardium  a 

0307 

l  e  r  r  i  e  r 

c  a  r  d  i  urn  c 

0308 

l  e  r  r  i  e  r 

cardium  d  total 

031  1 

l  e  r  r  i  e  r 

cardium  e  total 

0314 

lerrier 

cardium  f 

427 
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Oil  5 

furrier 

cardim  g 

0  318 

terrier 

cardiua  ) 

0  3  5  3 

9  ho  s  t  pine 

upper  aanovi l le 

q 

0  3  38 

ghost  pine 

upper  mannville 

hh 

0343 

ghost  pine 

lower  mannville 

b 

0344 

ghost  pine 

lower  mannville 

e 

0  5  5  3 

g  i  l  b  y 

viking  c 

0360 

g  i  l  b  y 

basal  mannville 

f 

0362 

g  i  l  b  y 

basal  mannville 

Q 

0363 

g  i  l  b  y 

basal  mannv i l l e 

h  l 

)  u  r  a  s  s 

l  c  e 

03  80 

g  t  en  park 

glauconitic  b 

0396 

grand  forks 

upper  mannville 

a 

0397 

grand  forks 

uppe  r  mannville 

b 

0398 

grand  forks 

lower  mannville 

a 

0399 

grand  forks 

lower  mannville 

b 

04  00 

grand  forks 

lower  mannville 

c 

0401 

grand  forks 

lower  mannv i l l e 

d 

0402 

grand  forks 

lower  mannville 

e 

0403 

grand  forks 

lower  mannville 

q 

04  1  2 

grand  forks 

sawtooth  a 

04  17 

h  a  n  n  a 

lower  mannville 

a 

04  1  8 

harmattan  east 

b  l  a  i  r  m  o  r  e 

04  30 

hays 

lower  mannville 

a 

water 

flood 

04  31 

hays 

lower  mannville 

b 

04  32 

hays 

lower  mannville 

c 

04  3  3 

hays 

lower  mannville 

d 

04  34 

hays 

lower  mannville 

f 

04  3  5 

hayler 

s  p  a  r  k  y  a 

water 

flood 

04  36 

h  a  y  t  e  r 

s  p  a  r  k  y  b 

u4  37 

h  a  y  t  e  r 

spa  r  k  y  c 

04  38 

h  a  y  t  e  r 

sparky  d 

04  39 

hayter 

d  i  n  a  a 

04  76 

i nn i s  f  a  i  l 

b l a l  rmor  e 

0508 

k  a  y  b  o  b 

c  a  d om  i  n  b 

0509 

k  aybob 

cadonin  c 

0516 

k  l  l  l am 

viking  a 

0517 

k  I  l  l  a  m 

viking  e 

0518 

kirkpatrick 

viking  a 

0519 

knappen 

lower  mannville 

a 

0520 

k  na  p pe  n 

lower  mannville 

b 

05  46 

l  a  t  h  o  m 

upper  mannville 

a 

wate  r 

flood 

05  4  7 

l  a  t  ho* 

upper  mannville 

c 

05  5  2 

l  a  t  o  r 

dunvegan  a 

05  5  5 

l  e  c  k  i  e 

lower  mannville 

a 

05  59 

l  educ*woodbend 

b l a i rmore  d 

0580 

l  e  e  d  a  l  e 

c  a  r  d i u»  a 

058  2 

legal 

mannville  b 

0583 

little  bow 

upper  mannville 

d 

05  86 

little  bow 

upper  mannville 

h 

062  3 

l ub l con 

granite  wash  a 

064  2 

medicine  river 

c  a  r  d  i  urn  a 

064  3 

medicine  river 

c  a  r  d  i  u  m  b 

0649 

medicine  river 

ostracod  a 

water 

flood 

06  5  1 

medicine  river 

ostracod  c 

06  54 

medicine  river 

ostracod  o 

0660 

medicine  river 

basal  quart:  c 

066  1 

medicine  river 

basal  quart:  d 

0662 

medicine  river 

basal  quartz  f 

0664 

medicine  river 

basal  qua  rt:  h 

Oo  6  5 

medicine  river 

basal  quartz  i 

0666 

medicine  river 

basal  quartz  j 

0667 

medicine  river 

basal  qua  r  t  z  k 

06  74 

medicine  river 

j  u  r  a  s  s  i  c  d 

w  a  t  e  r 

flood 

06  7  6 

medicine  river 

Jurassic  k 

0697 

minnthi k-buck  lake 

c  a  r  d  i  urn  a 

0702 

m  i  t  s  u  e 

g i l wood  c 

0703 

m  o  r  i  n  v  i  l  l  e 

lower  mannville 

a 

0  704 

m  o  r  i  n  v  i  l  l  e 

lower  mannville 

t 

0705 

m  o  r  i  n  v  l  l  l  e 

lower  mannville 

L 

0710 

n  e  v  l  s 

blairmore  b 

0711 

n  e  v  i  s 

blairmore  c 

0  7  2  7 

n  i  p  i  s  i 

keg  river 

sandstone  a 

0  7  2  8 

niton 

c  a  rd i um  a 

0729 

niton 

basal  quartz  a 

07  31 

normandvi  lie 

Jurassic  a 

0  74  8 

o  e  c  o 

C  a  r  d l um  a 

0749 

p  e  c  o 

c  a  r  d i um  b 

0730 

p  e  mb i n  a 

belly  river  ** 

0785 

pembina 

c  a  rd  i  um  total 

0  79  7 

pendant  d  oreille 

mannville  d 

9  l  auc 
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0  8  0  5 

princess 

ba  s  a l  aannvi lie 

e 

0807 

princess 

basal  aannvi ( le 

D 

0808 

princess 

basal  mannville 

Q 

0815 

provost 

aannv l l le  h 

0909 

red  coulee 

aoul ton  a 

water  flood 

0910 

red  coulee 

«ou l t  on  b  total 

0913 

red  coulee 

aoullon  c 

water  flood 

091  5 

red  coulee 

cut  bank  c 

0916 

red  coulee 

Cut  bank  b  and 

rundle  b 

0933 

red  e  a  r  t  h 

granite  wash  f 

0939 

red  earth 

granite  wash  i 

0935 

red  earth 

granite  wash  j 

0936 

red  earth 

granite  wash  k 

0937 

red  earth 

granite  wash  l 

0938 

red  earth 

granite  wash  * 

09  39 

red  earth 

granite  wash  n 

0997 

retlau 

•  annvi  l  le  a 

099  3 

r  e  t  l  a  w 

aannvi  l  l  e  f 

099  9 

ret  law 

aannvi  lie  i 

099  6 

retlau 

aannvi  l  le  p 

099  7 

r  e  t  l  a  u 

aannvi  1  l e  q 

0998 

r  e  t  l  a  w 

mannville  r 

0950 

r  l  c  i  nus 

c  a  r  d  i  u  m  a 

095  1 

ruinus 

c  a  rd i urn  o 

0952 

ruinus 

c  a  r  d i pm  c 

095  8 

r  i  c  i  n  u  s 

cardiua  k 

09  59 

r  i  c  i  n  u  s 

c  a  r  d  l  urn  l 

0961 

r  l  c  i  n  u  s 

c  a  r  d  i  urn  o 

C  96 6 

rona l ane 

lower  mannville 

d 

0967 

r  ona l a  ne 

lower  aannv l l l e 

b 

0966 

rosebud 

b  l  a  i  rmo  re 

0976 

s  a  *  s  o  n 

blairmore  a 

1002 

stannore 

uppe  r  aannv l l  l  e 

a 

1003 

stannore 

upper  mannville 

b 

1013 

sturgeon  lake  south 

t  r  i  a  s  s  i  c  a 

1038 

sylvan  lake 

cardiua  a 

1092 

sylvan  lake 

ostracod  a 

1093 

sylvan  lake 

basal  quartz  a 

109  9 

sylvan  lake 

de  t  r  i  t  a  l  b 

1095 

sylvan  lake 

Jurassic  a 

1097 

sylvan  lake 

Jurassic  c 

1099 

sylvan  lake 

Jurassic  e 

1  051 

sylvan  lake 

j  u  r  a  s  s  i  c  j 

1065 

t  a  be  r 

mannville  a 

1  071 

t  aber 

mannville  f 

1073 

taper  north 

taber  a 

1079 

taber  north 

taber  b 

1082 

taler  south-east 

mannville  0 

1099 

t  u  r  i  n 

lower  aannvi t  le 

9 

1  1  00 

t  u  r  i  n 

lower  mannville 

h 

1101 

t  u  r  i  n 

lower  mannville 

i 

1  109 

utikuma  lake 

keg  river 

sandstone  a 

1110 

utikumd  lake 

keg  river 

sandstone  b 

1112 

verger 

upper  mannville 

c 

1  297 

uainuright 

lloydminster  a 

1296 

■arwick 

upper  mannville 

J 

1  262 

wayne-rosedale 

b  a  n  f  f  a 

1281 

willesden  green 

cardiua  a  total 

1299 

uintering  hills 

viking  a 

1295 

wintering  hills 

lower  mannville 

a 

1  296 

wintering  hills 

lower  mannville 

e 

0223 

countess 

tower  mannville 

c 

0909 

grand  forks 

lower  mannville 

h 

09  1  1 

grand  forks 

l owe  r  mannville 

0 

0585 

little  bow 

upper  mannville 

9 

0789 

p  e  mb i n  a 

keystone  belly 

river  qq 

0803 

plain 

colony  e 

0809 

princess 

basal  mannville 

r 

1005 

stan»ore 

lower  mannville 

a  b 

1066 

t  a  b  e  r 

mannville  c 

1  067 

taber 

mannville  d  tota 

l 

1072 

taber 

mannville  g 

1075 

taber  south 

aannv  i  l  l  e  a 

water  flood 

1076 

taber  south 

mannville  b  total 

1079 

taber  south 

mannville  c 

1080 

taber  south-east 

mannville  a 

1  1  03 

t  ur  i  n 

lower  mannville 

l 

1  109 

t  u  r  i  n 

lower  mannville 

«n 

1308 

w  r  e  n  t  h  a  »i 

lower  mannville 

a 

1  309 

wrentham 

lower  mannville 

b 

water  flood 

1310 

wreothaa 

lower  mannv i t  t  e 

c 
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004  1 

4  l  1  « 

d-2 

0049 

a  m  d  e  r 

keg  river  f 

00  7  9 

bashaw 

d-  3  a 

0030 

b  a  s  h  j  w 

d-3  b 

0090 

b  I  g  o  r  a  y 

orimary  area 

0091 

b  i  gor  a  y 

water  f lood  area 

0095 

black 

keg  river  a 

water 

flood 

0096 

black 

keg  river  b 

0118 

buffalo  lake 

d-3 

01  19 

b  u  f  f  a l o  lake 

d-  3  b 

0131 

Caroline 

e l k  t  on  b 

01  3? 

Caroline 

e l k  t  on  c 

013? 

carson  creek  north 

primary  area 

01  38 

carson  creek  north 

water  flood  area 

0140 

carson  creek  north 

primary  area 

0141 

carson  creek  north 

water  flood  area 

014  8 

c  a  r  s  t  a  i  r  s 

e l k  t  on  b 

0184 

C  h  l  gwe  l  l 

d-2  b 

0185 

c  h  i  gwe  l  l 

d-2  c 

01  86 

c  h  i  q  .  e  l  l 

d-2  d 

0198 

c  l  ar e  sho  1  » 

rund  l  e  a 

0193 

ctareshoU 

r  und  l  e  b 

01  94 

c  laresholm 

rund  l  e  c 

0801 

c  l  l  v  e 

d-2  c 

u?  0  3 

clive 

primary  area 

08  35 

c  r  os  s  f  i  e  l  d 

r  und  l  e  c 

08  36 

C  r  o  s  s  f  i  e  l  d 

rund  l  e  e 

02  37 

c  r  o  s  s  f  \  e  l  d 

rund  l  e  g 

024  1 

crossfield  east 

e l k  t  on  a 

024  3 

crossfield  east 

e  l  k  t  on  d 

02  5  1 

d  a  v  e  y 

d-2  b 

0281 

e  r  s  k  i  n  e 

d-2 

02  83 

e  t  he  l 

beaverhill  lake  a 

0295 

f a  l  r y d e  l  l -bon  accord 

d-3  a 

0298 

fenn-big  valley 

big  valley  d-3  b 

0299 

fenn-big  valley 

<  enn  d-3  c 

0301 

fenn-big  valley 

It n n  d-3  f 

032  2 

ferner 

s  h  u  n  d  a  a 

0327 

f  rte*an 

primary  area 

0328 

freeman 

water  flood  area 

03  70 

g  i  l  by 

rund l e  e 

0372 

g  i  Iby 

rund  l  e  k 

0373 

g  i  l  by 

rund 1 e  l 

0390 

golden 

slave  point  a 

0391 

goose  river 

d-2  a 

0393 

goose  river 

primary  area 

0394 

goose  river 

water  flood  area 

0395 

goose  river 

beaverhill  lake  b 

04  1  3 

greencourt 

pe  k i s  ko  a 

04  1  4 

gr«encourt 

pe  k  1  s  k  o  c 

04  2  1 

h  a  r  m  a  t  t  an  east 

water  flood  area 

04  23 

harmattan-elkton 

rund  l  e  b 

04  25 

harmattan-elkton 

primary  area 

04  26 

harmattan-elkton 

water  flood  area 

04  29 

h  a  y  n  e  s 

d-  3  a 

04  4  2 

homeglen-rimbey 

d-3 

0503 

Judy  creek 

beaverhill  lake  a 

water 

flood 

0504 

judy  creek 

beaverhill  lake  b 

water 

flood 

0505 

J  udy  creek  south 

beaverhill  lake 

water 

flood 

0507 

Judy  creek  south 

beaverhill  lake  c 

0510 

k  aybob 

beaverhill  lake  a 

water 

flood 

051  1 

k  a  ybob 

beaverhill  lake  b 

05  26 

l  an  a  u  a  y 

d-  3  a 

05  28 

l  arne 

keg  river  a 

05  29 

l  a  r  ne 

keg  river  b 

0530 

l  a  r  n  e 

keg  river  c 

0531 

1  a  rn  e 

keg  river  d 

05  32 

l  a  r  n  e 

keg  river  e 

05  34 

t  a  r  ne 

keg  river  g 

05  36 

l  arne 

k  e  9  river  i 

05  3  ? 

l  a  r  n  e 

keg  river  j 

05  38 

l  a  rne 

keg  river  k 

05  39 

l  a  r  n  e 

keg  river  l 

05  40 

(arne 

keg  river  a 

054  2 

l  a  rne 

keg  river  0 

054  3 

l  arne 

keg  river  p 
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0544 

t  irnt 

keg  river  q 

0619 

lone  pint  c'ttk 

d-  3  a 

0620 

l  oon 

slave  point  a 

witf  r 

flood 

0624 

»  a  j  e  a  u  take 

b  a  n  f  f  b 

06?  7 

Vi  4  t  AO 

0-3  a 

0628 

ai  a  1  mo 

o-3  c 

0640 

a  v  t  2  i  w  i  n 

pe  k i s  k  o  a 

064  1 

•  itl  imn 

pe  k  i  s  k  o  b 

0627 

«( O' c i nv  rivtr 

elkton  -  shunoa  a 

0679 

vedlC  '  n  t  rivtr 

elkton-shunda  c 

0680 

medicine  rivtr 

s  h  und  a  a 

0681 

nedicine  river 

pe  k  i  s  k  o  b 

witer 

flood 

06  S  2 

medicine  rivtr 

pe  k i s  k  o  c 

068  3 

medicine  river 

pe  k i s  k  o  d 

0685 

medicine  river 

primary  area 

0686 

medicine  river 

water  flood  area 

0687 

medicine  river 

p  e  k  i  s  k  o  1 

0690 

medicine  river 

p  e  k  i  s  k  o  i 

0692 

medicine  river 

pe  k  i  s  k  o  r 

069  5 

medicine  river 

pe  k i s  k  o  s 

0694 

m  e  e  k  w  a  p 

d-2  a  water  flood 

0695 

mlUvn 

d  -  2  a 

0696 

m  l  k  w  a  n 

d-  3  a 

0715 

n  e  v  l  s 

0-3  b 

07  14 

n  e  v  i  s 

d-  3  c 

0715 

n  e  V  i  s 

d-  3  d 

07  16 

n  e  v  i  i 

o-3  e 

0717 

n  e  v  i  s 

d-3  f 

07J? 

normandville 

•ississippian  o 

0  7  5  9 

open  creek 

banf  f  a 

0  7  4  5 

paddle  river 

d-2  a 

0796 

p  e  mp i n  a 

pe  k  i  s  ko  a 

0301 

p  e  nh  o  l  d 

d-3  a 

0304 

pouce  coupe  south 

boundary  a 

0310 

princess 

p  e  k  t  s  k  o  a 

08  4  6 

r  a  l  n  D  o  w 

keg  river  w 

08  5  5 

r  a  l  n  o  o  w 

keg  river  hh 

0361 

r  a  i  noon 

keg  river  nn 

083  ? 

r  a  i  n  b  0  w 

keg  river  qqq 

0892 

r  a i n  bo  *  south 

Sulphur  point  b 

0393 

rainbow  south 

muskeg  a 

0395 

rvinbov  south 

muskeg  d 

0896 

rainbow  south 

keg  river  a 

water 

flood 

0900 

rainbow  south 

keg  river  e 

water 

flood 

0901 

rainbow  south 

keg  river  f 

0902 

rainbow  south 

keg  river  g 

water 

flood 

0904 

rainbow  south 

keg  river  i 

0905 

rainbow  south 

keg  river  j 

090? 

rainbow  south 

keg  river  l 

0908 

rainbow  south 

keg  river  a 

091  7 

red  coulee 

rund  l  e  a 

0918 

r  e  a  g  a  n 

rund  l  e  a 

09  20 

red  earth 

primary  area 

09  21 

red  earth 

water  flood  area 

092  ? 

red  earth 

slave  point  b 

0923 

red  e  a  r  t  h 

slave  point  c 

09  24 

red  earth 

slave  point  d 

09  2  5 

red  earth 

slave  point  e 

0977 

s  en  e  k 

keg  river  a 

0978 

s  h  e  k  i  l  i  e 

muskeg  a 

09  80 

s  h  e  k  i  t  i  e 

keg  river  b 

0982 

s  h  e  k  i  lie 

keg  river  d 

0983 

s  nek  i  t  i  e 

keg  river  e 

0984 

s  h  e  k  i  l  i  e 

keg  river  f 

098  5 

s  h  e  k  i  l  i  e 

keg  river  g 

0989 

snipe  lake 

beaverhill  take 

water 

flood 

0990 

sousa 

sulphur  point  a 

1  008 

s  t  e  t  t  l  e  r 

d-3  a 

1009 

s  t  e  t  t  l  e  r 

d-3  b 

1010 

stettler  south 

d-2 

1011 

stettler  south 

d-3 

1015 

sturgeon  take  south 

d-2  a 

1017 

sturgeon  lake  south 

d-3  b 

1019 

s und  r  e 

primary  area 

1020 

lundre 

water  flood  area 

1  022 

s  und  r  e 

primary  area 

1023 

s  und  r  e 

water  flood  area 

1026 

s  w  a  l  w  e  l  l 

d-2  a 

1027 

s  w  a  l  we  l  l 

d-2  b 

1029 

swan  hills 

primary  area 
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1030 

Sain  hills 

water  flood  area 

103? 

s  wart  hills 

priaary  area 

1033 

Swan  hills 

water  f l ood  area 

1035 

Swan  hills  south 

priaary  area 

1036 

swan  hilts  south 

solvent  flood 

103? 

swan  hills  south 

water  flood  area 

1053 

sylvan  lake 

e l k  t  on  b 

10  5  4 

sylvan  lake 

e 1 k  t  on  c 

1  055 

Sylvan  lake 

e l k  t  on  e 

1056 

sylvan  lake 

e l k  t  on  1 

1058 

s  y  l  v  an  lake 

pe  k i s  k  o  b 

1059 

sylvan  lake 

pek  i  sko  c 

1061 

sylvan  lake 

p  e  k  i  s  k  o  e 

10  6  3 

sylvan  lake 

pe  k i s  k  o  a 

1  064 

sylvan  lake 

d-  3  a 

1085 

Ifhif 

a  u  s  k  e  g  b 

1  086 

t  fhie 

•uskeg  c 

1087 

t  e  h  z  e 

keg  river  a 

1093 

turner  valley 

rundle  water  flood 

1102 

t  u  r  i  n 

tower  aannville  k 

1  1  06 

twining  north 

rund  l  e 

111? 

Virginia  hills 

orimary  area 

1118 

Virginia  hills 

water  flood  area 

1124 

virgo 

au  s  k  e  g  g 

1  1  25 

Virgo 

au  s  k  e  g  h 

1131 

virgo 

keg  river  a 

1133 

virgo 

keg  river  c 

1  1  36 

virgo 

keg  river  f 

1138 

virgo 

keg  river  h 

114  2 

virgo 

keg  river  l 

1148 

virgo 

keg  river  r 

1165 

virgo 

keg  river  i i 

116? 

virgo 

keg  river  kk 

1203 

virgo 

keg  river  uuu 

1211 

v  i  r  q  o 

keg  river  c  2  c 

123? 

virgo 

keg  river  c3c 

1  2  38 

virgo 

keg  river  d3d 

1240 

virgo 

keg  river  f  3  f 

1241 

virgo 

keg  river  g3g 

1242 

Virgo 

keg  river  h3h 

1  245 

w  a  i  n  w  r  i  g  h  t 

primjry  area 

1246 

.dinar  i g  h  t 

water  flood  area 

1  265 

west  druntheller 

J-  3  a 

1266 

westerose 

d-3 

1269 

westward  ho 

primary  area 

1270 

westward  ho 

water  flood  area 

1290 

w  l  mb  0  r  n  e 

d-3  a 

1  302 

wooa  river 

d  -  2  a 

1304 

wood  river 

d-  2  c 

1  305 

wood  river 

d-3  a 

1521 

2  j  n  a 

bus  k  eg 

b 

1334 

2  4  m  J 

«u  s  k  e  g 

t 

13  35 

2  a  ma 

•uskeg 

u 

1336 

i  a  m  a 

muskeg 

V 

1  540 

i  dXld 

bu  s  k  e  g 

a  a 

1  342 

2  a  m  a 

*u  s  k  e  g 

dd 

1344 

2d  ma 

bu  s  k  e  g 

99 

1  34  7 

i  a  ti  a 

bus  keg 

kk 

1552 

2  j  it.  a 

keg 

r  ) 

v  e  r 

a 

1  367 

2  a  m  a 

keg 

r  \ 

vtr 

r 

1373 

2  a  a 

keg 

r  \ 

v?r 

K 

1379 

2  )  m  a 

keg 

r  y 

v  e  r 

dd 

138? 

2  a  m  a 

keg 

r  i 

vcr 

l  l 

1401 

z  a  m  a 

keg 

r  i 

vf  r 

2  2 

1405 

2  a  m  a 

keg 

r  i 

ver 

d  0(3 

14  10 

2  a  m  a 

keg 

r  \ 

ve  r 

i  i  \ 

14  16 

2  a  ma 

keg 

r  i 

ver 

000 

1423 

2  a  <t.  a 

keg 

r  i 

ver 

UtfW 

1425 

2  a  m  a 

keg 

r  i 

ver 

y  y  y 

14  26 

2  am  a 

keq 

r  i 

ver 

2  2  2 

1  4  30 

2  a  m  a 

keg 

r  i 

ver 

e  2  e 

14  38 

2  am  a 

keg 

r  i 

ver 

m  2  • 

1443 

2  a  ma 

keg 

r  » 

ver 

r  2  r 

1445 

lama 

keg 

r  i 

ve  r 

t  2  t 

14  4  6 

2  am  a 

keg 

r  i 

ver 

u  2  u 

1451 

2  ama 

keg 

r  y 

ver 

222 

1454 

2  a  ma 

keg 

r  y 

ver 

c  3c 

1456 

2  a  m  a 

keg 

r  y 

ver 

f  3  f 

14  5? 

2  ama 

k  e  g 

r  ) 

ver 

gig 

1469 

2  ama 

keg 

r  i 

ver 

sis 

(Continued) 


w*  t  e  r  flood 


water  flood 


Hydrocarbon  Miscible,  Carbonate  Reservoirs  (Continued) 


1484 

l  M  «  * 

ke9 

river 

h  4  h 

U85 

keg 

river 

i  4  i 

U86 

2  ama 

keg 

river 

i  *  ) 

1487 

l  am  a 

keg 

river 

k  4k 

U90 

2  a  ma 

keq 

river 

n4n 

H91 

2  a  ma 

keg 

river 

O  4  o 

U92 

/  am  a 

keg 

river 

D  4  p 

14  9  3 

2  a  ma 

keg 

river 

Q  4  Q 

1494 

2  a  ma 

keg 

river 

r  4  r 

1495 

2  ama 

keg 

river 

S  4  s 

14  99 

2  a  m  a 

keg 

river 

wU 

1  503 

2  ama 

keg 

river 

a  5  a 

1505 

2  a  ma 

keg 

river 

cSc 

0037 

alexander 

nibaiun  b 

0  ?  9  3 

f  a i r  y  de l l -bon 

accord 

d-2 

a 

0294 

1  a  \  r y  de  l  l  -bon 

accord 

d-2 

b 

04  1  5 

greencour  t 

pe  k i *  ko  d 

1206 

v  >  r  g  o 

keg 

river 

XIX 

1210 

virgo 

keg 

river 

b  2  b 

1315 

youngstown 

arcs 

1322 

2  ama 

muskeg  c 

1348 

2  a  m  a 

■  u  s  k  e  g  l l 

1357 

2  a  m  a 

keg 

river 

9 

1  369 

2  a  ma 

keg 

river 

t 

1  380 

2  a  ma 

keg 

river 

e  e 

14  11 

2  a  m  a 

keg 

river 

j  )  ) 

1481 

2  ama 

keg 

river 

e  4  e 
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F.2  Economically  Viable  Candidates 

This  section  lists  reservoirs  under  the  processes  which  are 
economically  dominant  for  that  reservoir.  That  is,  although  a 
reservoir  may  meet  the  technical  requirements  for  say,  steam  drive  and 
in  situ  combustion,  the  application  of  one  of  these  processes  would 
result  in  a  higher  net  present  value  than  the  other.  Reservoirs  listed 
belcw  appear  under  only  one  process,  that  process  which  results  in  the 
highest  net  present  value  (is  econcmically  dominant)  .  It  is,  however, 
possible  that  the  highest  net  present  value  is  negative  which  would 
mean  application  of  even  the  best  process  would  be  unprofitable  in  that 
reservoir.  Using  our  base  case  price  of  $20  per  barrel  and  discount 
rate  of  8  percent  (real),  we  have  identified  all  reservoirs  that  would 
be  profitable  under  the  assumptions  of  this  study.  It  should  be 
remembered  that  our  models  were  developed  with  aggregate  estimation  in 
mind.  They  were  not  intended  for,  nor  are  they  capable  of,  in-depth 
analysis  of  individual  reservoirs.  Therefore  inclusion  of  a  given 
reservoir  in  the  list  below  provides  only  an  indication  of  its 
potential  viability  (or  lack  thereof) . 


' 
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Reservoirs  for  which  the  Steam  Cycle  Process 
(*  indicates  profitable  pools  at  $20  price) 


is  Dominant 


•  0610  lloydminster 


sparky  general  petroleum  c  d  total 


Reservoirs  for  wnich  the  Steam  Drive  Process  is  Dominant 
(*  indicates  profitable  pools  at  $20  price) 


*  0100  bodo 

•  0460  h  a  y  t  e  r 


upper  tannvtl  It  b 
dim  b 


Reservoirs  for  which  the  In  Situ  Combustion  Process  is  Dominant 
(*  indicates  profitable  pools  at  $20  price) 


0012 

a l de  r  j  on 

lover  »annville 

9 

007  1 

bant  r  y 

m  a  nn  v i t  l  e  j 

00  72 

bant  ry 

ma  nnv  i  l  l  e  m 

007  J 

ban  t  ry 

m  a  nn  v i l  l  e  o 

009  7 

black  butte 

ma  nnv  i  l  1  e  b 

0102 

bodo 

upper  *annvil 

le 

d 

0168 

chauvin  south 

sparky  * 

01  7  J 

chauvin  south 

l loydminster 

a 

01  76 

chauvin  south 

lloydminster 

e 

02  2  0 

count  ess 

upper  mannvil 

l  e 

P 

02  5  3 

d  a  v  i  d 

l loydmi nster 

b 

039  7 

grand  forks 

upper  mannvil 

le 

b 

03  99 

grand  forks 

lover  mannvil 

l  e 

b 

0406 

grand  forks 

lover  mannvil 

l  e 

) 

040  7 

grand  forks 

lover  mannvil 

l  e 

k 

04  1  0 

grand  forks 

lover  mannvil 

l  e 

n 

04  3  2 

hays 

lover  mannvil 

l  e 

C 

04  3  3 

hays 

lover  mannvil 

l  e 

d 

04  3  9 

h  a  y  t  e  r 

d  i  na  a 

04  8  1 

) enne  r 

upper  mannvil 

l  e 

h 

04  8  2 

j  enne  r 

upper  mannvil 

le 

m 

04  8  3 

j enne  r 

upper  mannville 

0 

04  3  4 

j  e  nn  e  r 

lover  mannvil 

l  e 

a 

05  90 

1  loydminster 

s  p  a  r  k  y  f 

059  1 

l  loydainster 

sparky  g 

05  9  3 

l  loydminster 

sparky  i 

05  9  5 

lloydminster 

spa  r  k  y  k 

05  9  9 

l  loydminster 

sparky  o 

0600 

l l oy  dm i ns  t  e  r 

sparky  p 

0601 

l loydminster 

s  p  a  r  k  y  q 

0602 

l loydminster 

sparky  r 

0603 

lloydminster 

sparky  s 

0605 

l loydminster 

sparky  u 

0606 

lloydminster 

s  p  a  r  k  y  v 

0607 

l loydminster 

sparky  v 

0609 

l loydminster 

sparky  c  gene 

r  a  l 

0614 

lloydminster 

sparky  d  general 

061  6 

lloydminster 

lloydminster 

* 

08  1  5 

provost 

m  a  nn  v  i  l  l  e  h 

0966 

rona l a  ne 

tower  »innv i l l e 

a 

124  7 

uainwright 

l  loydminster 

* 

1274 

w i l dm  e  r  e 

l  loydminster 

a 

1275 

u i l d»e  re 

lloydminster 

b 

petroleu*  a 
petroleum  b 
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Reservoirs  for  which  the  Polymer  Process  is  Dominant 
(*  indicates  profitable  pools  at  $20  price) 


• 

0005 

a c  h  e  s  on 

b  1  a  u»ore  g 

* 

000? 

Jtheson 

bl 1 1  raore  j 

* 

0107 

bonny v i  l  le 

colony  b 

0115 

tirsieiu  river 

viking  a 

* 

0122 

c  a mp b e  l  l - na  m  a  o 

na  m a  o  b la i raore 

c 

• 

0125 

campbel  l-nmo 

namao  blairaore 

f 

024  5 

c  yn-oem 

primary  area 

* 

03  36 

ghost  pine 

upper  mannvi 

l  le 

V 

042  7 

harold  lake 

colony 

* 

04  4  8 

hussar 

glauconitic 

a 

* 

04  4  9 

hussar 

glauconitic 

b 

04  50 

hu  s  s  a  r 

g l a  uc  on  i  t  i  c 

c 

* 

04  5  2 

hussar 

glauconitic 

f 

• 

04  5  4 

hussar 

glauconitic 

h 

04  5  5 

hussar 

glauconitic 

k 

04  5  6 

hussar 

glauconitic 

u 

• 

04  5  7 

hussar 

glauconitic 

ob 

0459 

hu  s  s  a  r 

ostracod  c 

046  1 

hussar 

ostracod  p 

• 

0463 

hussar 

basal  mannvi 

l  le 

c 

0467 

hussar 

basal  lannvi 

l  le 

l 

i 

04  72 

hussar 

basal  mannvi 

l  l  e 

Q 

* 

04  7  3 

hussar 

basal  mannvi 

l  l  e 

y 

0502 

Judy  creek 

viking  a 

0549 

lat  horn 

upper  mannvi 

l  l  e 

e 

0550 

l  at  ho* 

lover  lannvi 

l  le 

a 

05  5  7 

leduc-uoodbend 

b l a i r»o re  b 

05  5  8 

leduc-uoodbend 

blairmore  c 

* 

0560 

leduc-uoodbend 

btairmore  e 

* 

056  1 

leduc-uoodbend 

blairmore  g 

0700 

*  i  t  sue 

primary  area 

• 

074  5 

part  l  e  s  h 

lower  mannvi 

l  l  e 

b 

« 

07  5  3 

pembina 

keystone  belly 

river 

b  tot 

* 

0762 

p  e  m  b  i  n  a 

belly  river 

) 

0764 

pe*bi na 

k  ey  s  t  one  belly 

river 

l  tot 

076  7 

p  e  m  b  i  n  a 

keystone  belly 

river  m 

y  a  t  e 

* 

07  7  2 

pembina 

belly  river 

b  b 

07  7  3 

p  e  n  b  i  n  a 

keystone  belly 

river  c 

c 

07  7  4 

p  e  ir.  b  i  n  a 

belly  river 

c  d 

• 

07  7  5 

pe  mb i n  a 

belly  river 

e  e 

07  7  6 

p  e  m  b  l  n  a 

belly  river 

i  i 

07  7  7 

pr»bina 

belly  river 

)  ) 

• 

077  8 

Pembina 

belly  river 

k  k 

• 

081  6 

provost 

m  a  nn  v i  l  l  e  i 

• 

094  0 

red  earth 

granite  wash 

O 

• 

0986 

s  e  i  u  lake 

lower  mannvi 

l  e  c 

• 

1256 

uayne-rosedalr 

basal  quart: 

e 

1257 

vayne-rosedale 

basal  Quart! 

1 

* 

1259 

vayne-roseda le 

basal  quart: 

h 

1260 

uayne-roseda l e 

basal  quart: 

0 

* 

126  1 

vayne-roseda le 

ba  s  a l  qua  r  t : 

u 

• 

1272 

w  h  i  t  e  »  u  d 

b l a i r  mo  r  e 

i 

i 

flood 


. 

Reservoirs  for  which  the  Microemulsion  Process  is  Dominant 
(*  indicates  profitable  pools  at  $20  price) 


• 

0088 

be  r  r  y 

lower 

man nv i l 1 

e 

a 

034  1 

ghost  p  i  ne 

upper 

mannv i l l 

e 

0366 

g  i  t  b  y 

j  u  r  a  s  s  i  c  i 

* 

04  5  1 

hussar 

glauconitic  e 

04  5  8 

hussar 

glauconitic  dd 

04  60 

h  u  s  s  a  r 

ostracod  h 

04  6  2 

h  u  s  s  a  r 

basal 

mannv i 1 l 

e 

a 

ft 

04  6  4 

hussar 

basal 

m  a  nn v l l  l 

e 

e 

ft 

046  6 

hussar 

basal 

m  ann  v i l  l 

e 

h 

04  69 

hussar 

basal 

•  annvi  l  l 

e 

n 

04  7  1 

hussar 

basal 

m  a  n  n  v  l  l  l 

e 

D 

052  1 

krappen 

lower 

m  a  nn  v i l  l 

e 

c 

079  9 

p en h o  Id 

lower 

m  a  n  n  v  i  l  l 

e 

a 

• 

0910 

red  coulee 

moult 

on  b  t  o  t  a 

l 

1096 

lunn 

lower 

•  annn  l  l 

e 

b 

1097 

lurin 

lower 

m  a  n  n  v  i  l  l 

e 

c 

* 

1250 

wayne-roseda  te 

glauconitic  c 

Reservoirs  for  which  the  Alkaline  Process  is  Dominant 
(*  indicates  profitable  pools  at  $20  price) 


001  9 

aldtrson 

uooe  r  mannv  i  l  l  e  b 

002  3 

a l der  son 

upper  mannville  f 

005  3 

ante  creek 

dunvegan  a 

006  1 

auburndale 

wainwright  b 

044  1 

hueldme 

mannville  a 

064  8 

medicine  river 

glauconitic  f 

0698 

r.  innehik-buck  lake 

viking  a 

0750 

pe  c  o 

c  a dom i n  a 

0806 

princess 

basal  mannville  o 

0964 

rivercourse 

colony  a 

096  5 

rivercourse 

Sparky  a 

1004 

s  t  anmo  r e 

lower  mannville  e 

1072 

t  a  be  r 

mannville  g 

1079 

taber  south 

mannvi lie  c 

1095 

t  u  r  i  n 

upper  mannville  b 

1098 

t  ur  i  n 

lower  mannville  e 

1104 

t  u  r  i  n 

l Owe  r  mannv  i  l  l  e  m 

1251 

wayne-roseda le 

glauconitic  e 

1280 

willesden  green 

belly  river  l 

001  6 

a  d  e  n 

bow  island  t 

001  7 

aerial 

mannville  gas  flood 

0021 

a  l  de  r  s  on 

upper  mannville  d 

0030 

a l de  r  s  o n 

lower  mannville  e 

0103 

bonnie  glen 

C  a  r  d  i  urn  a 

014  9 

c  e  s  s  *  o  r  d 

mannville  « 

01  53 

c  e  s  s  f  o  r  d 

mannville  11 

0179 

c  he  r  h  i  l  l 

0  a  n  f  1  s 

0180 

c  h  i  g  w  e  l  l 

viking  a 

022  4 

countess 

ba  s  a  l  qua  r  t  z  b 

022  5 

cout  t  s 

*oul ton  a 

022  7 

c  ou  t t  s 

»oul ton  c 

024  7 

C  y  n  -  p  e  m 

C  a  r  d l u*  b 

02  5  6 

drumhel  ler 

mannville  a 

02  5  7 

drumhel  ler 

mannville  1 

02  5  8 

drumhel  ler 

mannville  i 

02  5  9 

drumhel  ler 

mannville  k 

0260 

drumhe  l  ler 

mannville  l 

02  7  8 

enchant 

upper  mannville  b 

0280 

enchant 

lower  mannville  b 

0303 

(err  i  er 

belly  river  a 

0304 

terrier 

belly  river  o 

0340 

ghost  pine 

upper  mannville  nn 

036  3 

g  i  l  o  y 

basal  mannville  h  t 

0401 

grand  forks 

lower  mannville  d 

0403 

grand  forks 

lower  mannville  g 

04  1  8 

harmattan  east 

b  l  a i r  mo  r  e 

04  3  1 

hays 

l  owe  r  mannville  b 

04  3  4 

hays 

lower  mannville  f 

04  6  5 

hussar 

basal  mannville  q 

047  5 

hussar 

basal  mannville  l  t 

05  1  3 

kaybob  south 

primary  area 

05  1  5 

k  e  h  o 

Colorado  a 

06  3  2 

manyberries 

sunburst  a 

0b3  3 

manyberries 

sunbu  r  s  t  b 

0634 

manyberries 

sunburst  c 

06  36 

manyberries 

sunburst  l 

0665 

medicine  river 

basal  quart:  ’ 

0666 

medicine  river 

basal  quart!  ) 

06  7  6 

medicine  river 

Jurassic  k 

07  3  1 

normandville 

Jurassic  a 

074  0 

olds 

viking  a 

079  3 

pemb l na 

c  a  r  d  l  urn  b 

0794 

pembina 

c  a  r  d i um  c 

0795 

pembina 

keystone  ellerslie  . 

079  7 

pendant  d  oreille 

mannville  0 

07  9  8 

pendant  d  oreille 

mannville  1 

0803 

plain 

colony  e 

0809 

princess 

basal  mannville  r 

081  2 

provost 

viking  cak  total 

0909 

red  coulee 

moulton  a 

09  1  6 

red  coulee 

cut  bank  b  and 

094  6 

ret  lav 

m  a  nn v i  l  l  e  p 

09  4  7 

ret  lav 

mannville  g 

094  9 

r  i  c  h  d  a  l  e 

lower  mannville  c 

1003 

s  t  a  nmo  r  e 

upper  mannville  b 

1005 

st  anmore 

lower  mannville  a  b 

1006 

s  t  e  t  t  l  e  r 

lower  mannville  a 

1  04  4 

sylvan  lake 

de  t  r  i  t  a  l  b 

1082 

taber  south-east 

mannville  d 

1114 

viking  kinsella 

wainwright  b 

1262 

vayne-rosedale 

bant  f  a 

1295 

wintering  hills 

lower  mannville  a 

water  f  tood 


Jurassic  e  g l  a  uc 


kite'  flood 
rundl e  b 
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Reservoirs  for  which  the  Carbon  Dioxide  Miscible,  Sandstone 
Reservoirs  Process  is  Dominant  (*  indicates  profitable  pools 
at  $20  price) 


0101 

bodo 

uppe  r  mannv i l l e 

c 

012  6 

carol int 

cardiu*  a 

0156 

c  h  a  u  v  i  n 

mannville  a  total 

01  59 

chduvin 

ma  nnv  i  l  l  e  b 

0162 

chauvin  south 

sparky  e  total 

016  5 

chauvin  south 

sparky  1 

0166 

chauvin  south 

sparky  h 

0167 

chauvin  south 

s  p  a  r  k  y  i 

0169 

chauvin  south 

s  oa  r  k  y  n 

0170 

chauvin  south 

sparky  a  b  total 

02  5  2 

da  v  i  d 

lloydminster  a 

0  530 

glen  p  a  r  k 

glauconitic  b 

039  8 

grand  forks 

lower  mannville 

a 

0400 

grand  forks 

lower  mannville 

c 

04  1  2 

grand  forks 

sawtooth  a 

04  5  5 

h  a  y  t  e  r 

spa  r  ky  a 

water  flood 

04  36 

h  a  y  t  e  r 

sparky  b 

04  5  8 

h  a  y  t  e  r 

Sparky  d 

0508 

k  a  y  b  o  b 

c  a  d  o  m  i  n  b 

05  19 

k  n  a  ppe  n 

lower  mannville 

a 

05  2  0 

k  n a  ppe  n 

lower  mannville 

b 

05  4  7 

l a  t  h  om 

upper  nannvi l le 

c 

05  5  5 

l  e  c  k  i  e 

lower  mannville 

a 

0  5  5  9 

Itduc-voodbend 

blairmore  d 

0  5  3  3 

little  bou 

upper  mannville 

d 

0702 

m i t  sue 

g i l wood  c 

0711 

ne  v  i  s 

blairmore  c 

0  72  8 

niton 

c  a  r  d 1 um  a 

0  7  4  9 

pe  c  o 

cardiun  b 

091  3 

red  coulee 

uoulton  c 

water  f lood 

097  6 

samson 

blairmore  a 

105  1 

sylvan  lake 

Jurassic  ) 

124  8 

waruick 

uoper  mannville 

j 

128  1 

willesden  green 

cardium  a  total 

1294 

Wintering  hills 

viking  a 

Reservoirs  for  which  the  Carbon  Dioxide  Miscible,  Carbonate 
Reservoirs  Process  is  Dominant 
(*  indicates  profitable  pools  at  $20  price) 


• 

0095 

black 

keg 

river 

a 

water 

flood 

• 

0096 

black 

keg 

river 

b 

* 

039  1 

goose  river 

d -Z 

a 

* 

0503 

Judy  creek 

b  e  a ve  r  h  i  l 

lake  a 

water 

flood 

0504 

j  ud  y  creek 

beaverhill 

lake  b 

water 

flood 

0510 

k  a  y  bo  b 

beaverhill 

lake  a 

water 

flood 

05  2  8 

larne 

keg 

river 

a 

0529 

lame 

keg 

river 

b 

05  30 

lame 

keg 

river 

c 

053  1 

lame 

keg 

river 

d 

0532 

lame 

keg 

river 

e 

05  3  6 

larne 

keg 

river 

i 

05  3  7 

lame 

keg 

river 

) 

05  3  8 

larne 

keg 

river 

k 

054  0 

lame 

keg 

river 

m 

054  3 

lame 

keg 

river 

D 

054  4 

larne 

keg 

river 

Q 

088  7 

r  a i n  bo  v 

keg 

river 

qqq 

0900 

rainbow  south 

keg 

river 

e 

w  a  t  e  r 

flood 

0908 

r  a  1  n  c  o  w  south 

keg 

river 

m 

0930 

s  h  e  k  i  l  i  e 

keg 

river 

b 

0982 

s  h  e  k  i  l  i  e 

keg 

river 

d 

0934 

shek  i  l  i  e 

keg 

river 

1 

0990 

sousa 

Sulphur  point  a 

1030 

swan  hills 

water  flood  area 

103  3 

Swan  hills 

water  flood  area 

1036 

swan  hills 

south 

solvent  flood 

1037 

swan  hills 

south 

water  floog  area 

1118 

Virginia  hills 

water  flood  area 

1124 

virgo 

muskeg  g 

water 

flood 

1138 

virgo 

keg 

river 

h 

114  8 

virgo 

keg 

river 

r 

water 

flood 

116  5 

virgo 

keg 

river 

i  i 

116  7 

virgo 

keg 

river 

k  k 

1211 

virgo 

keg 

river 

c  Zc 

123  7 

virgo 

keg 

river 

c  3c 

1  240 

virgo 

keg 

river 

in 

124  1 

virgo 

keg 

river 

9  3g 

124  5 

wa  i  n  w  r i gh  t 

primary  area 

124  6 

wa i n  w  r i gh  t 

water  flood  area 

1334 

2  am  a 

muskeg  t 

1336 

z  a  m  a 

muskeg  v 

134  4 

2  a  ma 

muskeg  gg 

1352 

2  a  m  a 

keg 

river 

a 

1  367 

2  a  m  a 

keg 

river 

r 

1373 

2  a  m  a 

keg 

river 

a 

1379 

z  a  ma 

keg 

river 

dd 

1401 

2  a  m  a 

keg 

river 

z  z 

1405 

2  a  m  a 

keg 

river 

odd 

14  16 

2  a  m  a 

keg 

river 

000 

14  2  3 

2  a  m  a 

keg 

river 

WWW 

1425 

2  a  m  a 

keg 

river 

YYY 

14  30 

2  a  m  a 

keg 

river 

eZe 

r~ 

v-»a 

CD 

2  a  m  a 

k  e  g 

river 

«  Zm 

144  6 

2  a  m  a 

keg 

river 

u  Zu 

1451 

2  a  m  a 

keg 

river 

zZz 

1456 

2  a  it  a 

keg 

river 

f  3  f 

1469 

2  ana 

keg 

river 

s  3  s 

1484 

2  a  ma 

keg 

river 

h  4  h 

1486 

2  am  a 

keg 

river 

j‘j 

1494 

2  a  ma 

keg 

river 

r  4  r 

149  5 

2  ami 

keg 

river 

S  4  S 

1499 

2  a  m  a 

keg 

river 

w  4  w 

1503 

2  ama 

keg 

river 

aSa 

1505 

2  am  a 

keg 

river 

c  5  c 

04  15 

greencourt 

pe  k i s  k  o  d 

1206 

virgo 

keg 

river 

I  X  X 

1210 

virgo 

keg 

river 

b  Zb 

1322 

2  am  a 

muskeg  c 

1  348 

2  ama 

muskeg  ll 

1357 

2ama 

keg 

river 

g 

1380 

2  a  ma 

keg 

river 

e  t 

14  11 

2  am  a 

keg 

river 

j  J  j 

148  1 

2  am  a 

keg 

river 

e  4  e 

Reservoirs  for  which  the  Hydrocarbon  Miscible,  Sandstone 


price) 

0018 

a  l  de  r s  on 

uppe  r  mannv  i  l l e 

4 

0020 

a  l  d  e  r  s  o  n 

upper  mannv i l l e 

C 

0022 

a  l  d  e  r  s  o  n 

uppe  r  mannv i l  l  e 

e 

002  6 

jlderson 

lower  mannv i l  l  e 

j 

002  7 

aide rson 

lower  mannville 

b 

002  8 

aldtrson 

lower  mannville 

c 

0029 

a l de  r  son 

lower  mannv i l t  e 

d 

003  1 

a l de  r  son 

lower  mannville 

f 

0035 

a l de  r  son 

l  owe  r  mannville 

j 

003  8 

a  l  e  x  i  s 

ostracod  a 

0068 

bant  r  y 

ma  nnv  i  l  l  e  g 

0069 

ban  t  r  y 

mannville  h 

0086 

be l l s  h  i  1 1  take 

viking  a 

0092 

b i go  ray 

ostracod  b 

0108 

boundary  take  south 

t  r  i  a  $  s  i  c  b 

0109 

boundary  take  south 

t  r  i  a  s  s  i  c  c 

water 

0113 

boundary  take  south 

t  r  i  a  s  s  i  c  f 

01  1  6 

brazeau  river 

viking  b 

0128 

carol  l n  e 

cardiui  c 

OH  3 

cesslord 

basal  Colorado 

i 

014  6 

test  ford 

mannv  i  l  l  e  d 

OU  8 

cesslord 

mannville  i 

0150 

c  e  s  s  f  o  r  d 

mannville  y 

015  1 

cessford 

mannville  z 

0182 

ch i g«e  t  t 

mannville  c 

0188 

chin  coulee 

basal  mannville 

4 

total 

0205 

c  on  r  a  d 

e  l  l  i  s 

0209 

countess 

upper  mannville 

d 

total 

021  2 

countess 

upper  mannville 

f 

total 

0216 

countess 

upper  mannville 

j 

021  7 

countess 

upper  mannville 

t 

0218 

countess 

upper  mannville 

022  1 

countess 

lower  mannville 

a 

0222 

countess 

lower  mannville 

b 

02  2  8 

c  r  o  s  s  f  i  e  t  d 

cardium  a  total 

02  3  2 

cross) letd 

jumping  pound  a 

0239 

crossfield  east 

cardium  c 

024  0 

crossfield  east 

cardium  d 

0269 

e  d  s  on 

c  a  r  d  i  urn  a 

02  76 

e  l  l  e  r  s  t  i  e 

b l a i rmo  re  a 

02  7  9 

enchant 

upper  mannville 

d 

0305 

f  e  r  r  i  e  r 

cardium  a 

0307 

f  e  r  r  i  e  r 

cardium  c 

0308 

f  e  r  r  i  e  r 

cardium  d  total 

0311 

ferrier 

cardium  e  total 

031  4 

f  e  r  r  i  e  r 

c  a  r  d i u«  < 

0315 

ferrier 

cardium  g 

031  8 

f  e  r  r  i  e  r 

c  a  r  d  i  u  m  j 

03  3  5 

ghos  t  Dine 

upper  mannville 

Q 

033  8 

ghost  pine 

upper  mannville 

h  h 

034  3 

ghost  pine 

lower  mannville 

b 

034  4 

ghost  pine 

lower  mannville 

e 

03  5  3 

g  i  t  b  y 

viking  c 

0360 

g  i  t  b  y 

basal  mannville 

f 

0362 

g  i  l  b  y 

basal  mannville 

Q 

0396 

grand  forks 

uppe  r  mannville 

4 

0402 

grand  forks 

lower  mannville 

e 

04  1  7 

h  a  nn  a 

lower  mannville 

4 

04  30 

hays 

lower  mannville 

4 

water 

04  3  7 

kayter 

sparky  c 

04  7  6 

i  no  i  s  f  a  i  t 

b l a i rmo  re 

0509 

k  a  y  bo  b 

c  a  dom  i  n  c 

051  6 

k  i  l  t  a  ■ 

viking  a 

05  1  7 

k  i  l  t  a  a 

viking  e 

051  8 

ki.rkpat  rick 

viking  a 

054  6 

lat  ho* 

upper  mannville 

4 

water 

05  5  2 

l  a  t  o  r 

dunvegan  a 

05  80 

t  e  e  da  l  e 

c  a  rd i urn  a 

058  2 

legal 

mannville  b 

0586 

little  bow 

upper  mannville 

h 

062  3 

l ub i c  on 

granite  wash  a 

064  2 

medicine  river 

cardium  a 

064  3 

medicine  river 

C  a  r  d  i  urn  b 

064  9 

medicine  river 

ostracod  a 

wa  t  e  r 

06  5  1 

medicine  river 

ostracod  c 

0654 

medicine  river 

ostracod  p 

■ 

’ 

Hydrocarbon  Miscible»  Sandstone  Reservoirs  (Continued) 


0660 

medicine  river 

basal  quartz  c 

0661 

medicine  river 

basal  quart!  d 

066  2 

medicine  river 

basal  quartz  1 

0664 

•edicine  river 

ba  s  a l  qua  r  t  z  h 

066  7 

medicine  river 

basal  quartz  k 

06?4 

medicine  river 

Jurassic  d 

wa  te  r  1 

l  ood 

069  7 

•innehik-buck  lake 

cardiu*  a 

070  3 

mo  r i n  v  i  l  l  e 

lower  mannville 

a 

0704 

•  o  r i n  v  l  l  l  e 

lower  mannville 

f 

0705 

mo  r i nv  i  lie 

lower  mannv  tile 

l 

071  0 

nev  i  s 

olairmore  b 

0  72  7 

n  i  p  i  $  i 

keg  river 

sandstone  a 

07  2  9 

niton 

basal  quartz  a 

074  8 

pe  c  o 

c  a  rd i urn  a 

0780 

pembina 

belly  river  «m 

0785 

Pembina 

cardium  total 

0805 

princess 

basal  mannville 

e 

0807 

princess 

basal  mannville 

P 

0808 

princess 

basal  mannville 

Q 

091  5 

red  coulee 

cut  bank  c 

09  5  3 

red  earth 

granite  wash  f 

0934 

red  earth 

granite  wash  i 

093  5 

red  earth 

granite  wash  j 

09  36 

red  earth 

granite  wash  k 

09  3  7 

red  earth 

granite  wash  l 

09  3  8 

red  earth 

granite  wash  m 

09  39 

red  earth 

granite  wash  n 

0942 

re  t  l  au 

mannville  a 

094  3 

ret  l  av 

mannville  < 

0944 

r  e  t  l  a  v 

mannville  i 

094  8 

r  e  t  l  a  v 

mannville  r 

0950 

r i c i nus 

cardiua  a 

095  1 

r i c i nu  s 

cardium  b 

095  2 

r i c i nu  s 

cardium  c 

0958 

r i c i nu  S 

cardium  k 

095  9 

r i c i nu  s 

cardiu*  l 

096  1 

r  i  c  i  nu  s 

cardium  o 

0967 

r  ona l a  n  e 

lower  mannville 

b 

0968 

rosebud 

b l a i r  mo  r  e 

1002 

st  anmore 

upper  mannv i t  l  e 

a 

101  3 

sturgeon  lake  south 

t  r  i  a  s  s  i  c  a 

1038 

sylvan  lake 

cardiu-i  a 

1042 

Sylvan  lake 

ostracod  a 

1043 

sylvan  lake 

basal  quartz  a 

1045 

sylvan  lake 

Jurassic  a 

104  7 

sylvan  lake 

j  ur  a  s  s  i  c  c 

104  9 

sylvan  lake 

Jurassic  e 

1  06  5 

taber 

mannville  a 

107  1 

taber 

mannville  f 

1073 

taDer  north 

taber  a 

1  074 

taber  north 

taber  b 

1099 

t  u  r  i  n 

lower  mannville 

9 

1100 

turin 

lower  mannville 

h 

110  1 

t  ur  in 

lower  mannville 

i 

1109 

utikuma  lake 

k  e  q  river 

sandstone  a 

1110 

utikuma  lake 

keg  river 

sandstone  b 

1112 

verger 

upper  mannville 

c 

1296 

wintering  hilts 

lower  mannville 

e 

022  3 

countess 

lower  mannville 

c 

0404 

grand  forks 

lower  mannville 

h 

04  1  1 

grand  forks 

lower  mannville 

0 

05  8  5 

little  bow 

uoper  mannville 

9 

078  4 

pe»bina 

keystone  belly 

river 

qq 

1066 

t  a  b  e  r 

mannv  i  t  l  e  c 

1  067 

taber 

mannville  d  total 

1075 

taber  south 

mannville  a 

water 

flood 

1076 

taber  south 

mannville  b  total 

1080 

taber  south-east 

mannville  a 

1103 

turin 

lower  mannville 

l 

1308 

wrentham 

l owe  r  mannville 

a 

1309 

w  r  e  n  t  h  a  m 

lower  mannville 

b 

water 

flood 

1310 

wrentham 

lower  mannv i l  l  e 

c 

, 


Reservoirs  for  which  the  Hydrocarbon  Miscible,  Carbonate 
Reservoirs  Process  is  Dominant 
(*  indicates  profitable  pools  at  $20  price) 


004  1 

alii 

d-  i 

• 

004  9 

amber 

keg  river  f 

0079 

bashaw 

d-  3  a 

* 

0030 

bashaw 

d  -  3  b 

0090 

b  i  g  o  r  a  y 

primary  area 

009  1 

b  i  g  o  r  a  y 

water  flood  area 

• 

0118 

buffalo  lake 

d-3 

• 

0119 

buffalo  lake 

d-3  b 

013  1 

Caroline 

e l k  t  on  b 

0138 

carol i ne 

e l k  t  on  c 

0137 

carson  creek  nort  h 

primary  area 

0138 

carson  creek  north 

water  flood  area 

0140 

carson  creek  north 

or  imary  area 

014  1 

carson  creek  north 

water  flood  area 

0142 

c  a  r  s  t  a  i  r  s 

e l k  t  on  b 

0184 

c  h i gw  e  l  l 

d-2  b 

0185 

ch i gwe  l  l 

d-  2  c 

0186 

chigwel  t 

d-2  d 

» 

0192 

claresholm 

r  und l e  a 

* 

019  3 

clareshol* 

r  und l e  b 

0194 

claresholm 

r  un  d  l  e  c 

020  1 

clive 

d-2  c 

• 

0203 

clive 

primary  area 

02  3  5 

c  r  o  s  s  f  i  e  l  d 

rund l e  c 

* 

02  3  6 

crossfield 

r  und l e  e 

• 

0237 

c  r  o  s  s  f  i  e  l  d 

r  u  nd  t  e  g 

* 

024  1 

crossfield  east 

e l k  t  on  a 

* 

024  3 

crossfield  east 

e l k  t  on  d 

* 

02  5  1 

davey 

d-2  b 

• 

028  1 

e  r  s  k i ne 

d-2 

02  8  3 

e  t  h  e  l 

beaverhill  lake  a 

• 

0295 

f a i r y d e t l - b on  accord 

d-3  a 

0298 

fenn-big  valley 

big  valley  d-3  b 

0299 

fenn-big  valley 

fenn  d-3  c 

0301 

fenn-big  valley 

fenn  d-3  f 

0322 

f  e  r  r  i  e  r 

s  h und  a  a 

03  2  7 

freeman 

primary  area 

03  2  8 

freeman 

water  flood  area 

03  7  0 

g  l  l  by 

r und l e  e 

* 

03  7  2 

g  i  l  b  y 

r  und  l  e  k 

• 

03  7  3 

g  t  l  b  y 

runale  l 

• 

0390 

golden 

slave  point  a 

• 

039  3 

goose  river 

primary  area 

0394 

goose  river 

water  flood  area 

0395 

goo  s  e  river 

beaverhill  lake  b 

04  1  3 

greencourt 

pe  k i s  ko  a 

04  1  4 

greencourt 

pe  k i sko  c 

04  2  1 

hareat  tan  east 

water  flood  area 

04  2  3 

harnat  t  an-elk  ton 

r  und l e  b 

• 

04  2  5 

harmattan-elkton 

primary  area 

04  2  6 

harmattan-elkton 

water  flood  area 

04  29 

h  a  y  ne  s 

d-3  a 

• 

04  4  2 

homegle n-rimbey 

d-3 

0505 

judy  creek  south 

beaverhill  lake 

0507 

judy  creek  south 

beaverhill  lake  c 

* 

051  1 

k  a  y  bo b 

beaverhill  lake  b 

* 

05  2  6 

l  a  n  a  w  a  y 

d-3  a 

* 

05  5  4 

l  a  r  ne 

keg  river  g 

* 

05  3  9 

l  a  rne 

keg  river  l 

05  4  2 

l  arne 

keg  river  0 

061  9 

lone  pine  creek 

Q 

1 

<w 

• 

0620 

loon 

slave  point  a 

• 

0624 

•ajea u  lake 

ban  f  f  b 

• 

06  2  7 

•  a  l  *  o 

l 

T> 

0628 

ita  l*o 

d-3  c 

• 

0640 

«at i  ivin 

pe  k i s  k  o  a 

* 

064  1 

•  a t i i w  i  n 

p  e  k  i  s  k  o  b 

• 

067  7 

medicine  river 

elkton  -  shunda  a 

* 

06  79 

medicine  river 

e l k  t  on-shunda  c 

0680 

medicine  river 

s  h  un  d  a  a 

068  1 

medicine  river 

pe  k i s  ko  b 

068  2 

medicine  river 

pe  k i s  k  o  c 

068  3 

medicine  river 

pe  k  i  s  k  o  d 

* 

063  5 

medicine  river 

primary  area 

0686 

medicine  river 

water  flood  area 

* 

068  7 

medicine  river 

pe  k i s  k  o  f 

* 

0690 

medicine  river 

pe  k i s  ko  i 

• 

0692 

medicine  river 

pe  k i s  k  o  r 

• 

069  3 

medicine  river 

pe  k i sko  s 

water  flood 


water  flood 


w  a  t  e  r  flood 


. 

Hydrocarbon  Miscible,  Carbonate 


Reservoi rs 


(Continued) 


0  6  V  4 
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